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INTRODUCTION 
The results of all agricultural research are conditioned 
by the weather regime under which the research was performed. 
Weather has usually been considered only as a random variable. 
By replicating an experiment over a period of years and at 
selected field stations, it has been assumed that the average 
results are representative for that area or soil management 
unit. Unfortunately, "average" weather seldom occurs, and 
the average experimental results are the integrated response 
to a wide range of environmental conditions. Publications of 
experimental results may include some average measurement of 
weather from the closest weather station, and even some cau­
tionary remarks on the application of the experimental results 
beyond certain geographical limits or climatological zones. 
More often, however, the interpretation of just how far the 
experimental results can be extended with confidence is un­
known and is left to the reader. With better documentation 
and understanding of the complex environmental effects on ag­
riculture, it should be possible to define more clearly the 
areas in which the experimental results apply. 
The corn yield potential from an experimental field plot 
or in a commercial farm operation, eliminating any economic 
considerations, is controlled by the following factors: 
1. Weather : Primarily soil moisture and net energy within 
air and soil temperature ranges favorable to the corn plant. 
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2. ' Soil fertility and soil physical conditions. 
3. Genetic differences in corn varieties. 
4. Population or geometry of planting. 
5. Detrimental biological or environmental occurrences such 
as weed infestations, insect or disease outbreaks, severe 
windstorms or hailstorms, and early or late freezes. 
All of these yield factors should be considered whether 
one is attempting to estimate corn yields from weather data, 
evaluate yield response to fertilizers, or measure differences 
in yield performance between corn varieties. 
In this study all corn yields were adjusted to those for 
hybrid corn variety Iowa 4570. Population, or stand, was 
considered in a multiple regression with weather to estimate 
corn plot yields within selected soil fertility levels on 
Clarion and Nicollet soils. This was done to avoid the neces­
sity of classifying and including soil physical conditions and 
• fertility differences in the multiple regression models. 
To a certain extent, the lesser catastrophic occasions 
of the detrimental biological or environmental occurrences are 
somewhat, and ideally, controlled by corn breeding. The vari­
ety which is developed for best "crib corn" yield is that which 
has the favorable genetic traits of high germination, resistance 
to lodging, stalk borer, and dropped ears, as well as produc­
ing high yields. There are still the "Act of God" occurrences 
which will severely reduce corn yields, no matter how genet­
ically ideal a particular corn variety may be. While hail 
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adjusting is now a common practice, it is usually difficult 
to consider the extreme environmental or biological effects 
in any study, except by deleting the year of occurrence, or 
calling attention to this as a possible reason for a particu­
lar departure from regression. An accurate estimate of the 
effect from detrimental extremes can only be made after the 
effects from the first four of the above listed potential 
yield factors have been accurately evaluated. 
The primary goal of this study has been the development 
of a single definitive atmospheric-soil moisture stress vari­
able to encourage and facilitate consideration of the weather 
with other physical and biological factors in agricultural 
research. Finally, based on the 30-year weather record, 
1933-1962, at the Agronomy Farm, Ames, Iowa, the climatology 
for selected favorable and unfavorable conditions for corn is 
given to provide a realistic planning base for agricultural 
operations. 
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LITERATURE REVIEW 
Only a small percentage of the total agricultural re­
search effort has attempted to document or consider the en­
vironmental effects jointly with other observed variables. 
Yet, the literature on this small percentage is impressive. 
Hannay (36) listed 2324 references on weather and crops in 
- ; « 
the period 1900-1930. Wang and Barger (133) included well over 
10,000 individual references in their Bibliography of Agri­
cultural Meteorology. Studies of the effect of weather on 
corn yields probably represent less than one percent of the 
total references. Due to the voluminous literature on weather 
and crop yield studies, only selected references leading, or 
pertinent, to the approach and discussion in this thesis are 
included in this review. 
Many of the statistical or empirical weather and crop 
yield studies were reviewed in the author's M.S. thesis (.15), 
especially those dealing with effects of precipitation at dif­
ferent stages of development of the corn plant. Sanderson (90) 
reviewed some of the basic weather and crop hypotheses and 
also many of the statistical weather-crop yield studies. This 
included testing 28 crop forecasting formulae, which had been 
derived by various authors, and criticising the selection of 
variables with highest correlations as those used in multiple 
regression analyses. Many of the empirical studies dealing 
with mean monthly weather variables over areas the size of 
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states resulted in disappointingly low correlations with crop 
yields. Morgan (65) indicated that emphasis in the U. S. 
Department of Agriculture, Statistical Reporting Service, is 
now on using weather information indirectly in estimating 
crop yields, apparently primarily to adjust crop reporters' 
appraisals of current prospects. Stallings (107) has at­
tempted to avoid use of the weather data by measuring the ef­
fect of weather as reflected in experimental plot yields. 
Thompson (116) has recently rekindled interest in the use of 
state average temperature and precipitation data in the esti­
mation of state average corn yields. Electronic computer 
facilities have permitted the use of linear, quadratic, and 
interaction terms for June, July, and August mean temperatures 
and precipitation in multiple regression analyses to estimate 
corn yields. His regressions have been associated with 0.95 
or more of the variance in the yield series. 
Sanderson (90) discussed the limitations of the regression 
integral concept (Fisher, 27), pointing out its tendency to­
ward excessive smoothing, failure to take into account joint 
effects between the weather variable in successive periods, 
and its unsuitability for the study of curvilinear relation­
ships between weather and crop yields. The representation of 
the average effect of a weather variable on yield by the regres­
sion integral presents an attractive conciseness, however, and 
there have been several recent uses of the method. Runge and 
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Odell (88) used the Hendricks and Scholl (41) modification 
with 56 two-day periods to study the joint effects of daily 
maximum temperature and precipitation upon first year corn 
yields of a corn-corn-oats-meadow rotation. They found the 
peak of the precipitation effect curve to occur about 3-4 
weeks before silking. Carmen (12) used the regression integral 
and 25 five-day periods to study the effect of various weather 
elements on many of the same experimental plot corn yields 
used in.this thesis. He suggested the average daily maximum 
temperature and total precipitation for the growing season 
were the most important weather variables affecting corn yields, 
although none of his regressions were significant. Buck (9) 
studied the effect of rainfall, temperature, and évapotranspira­
tion on wheat, sugar beets, and potato yields. He found no 
correlation between wheat yields and the weather variables. He 
attributed this lack of correlation, in part, to the variation 
in yields from the single fields which were used. 
Although the bulk of the early weather and corn yield 
studies were carried out with readily accessible temperature 
and precipitation data, almost all workers have recognized 
that the basic ingredients for plant growth are soil moisture 
and light energy. Foster (28), using the regression integral, 
found that of the weather variables studied, soil moisture, 
pan evaporation, and their joint effects were associated with 
the greatest amount of variation in cotton yields, van Bavel 
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(127) concluded that a realistic criterion for drought must 
be based upon soil moisture availability, and therefore consist 
of three elements : the amount and distribution of rainfall, 
évapotranspiration, and the amount of available water the soil 
can store. Tanner and Lemon (115) concluded that leaf area, 
soil moisture, and evaporative demands were the dominant fac­
tors controlling évapotranspiration. Black (3) treated the 
soil water-plant relations extensively in his book. Russell 
(89) provided a status report on studies of water and its re­
lation to soils and crops. 
Several recent weather and crop yield studies have con­
sidered drought days. Parks and Knetsch (72) studied the con­
comitant effect of drought days and nitrogen fertilizer, de­
signating days on which a water balance showed no available 
soil moisture as drought days. They found linear and quad­
ratic nitrogen terms, a linear, weighted drought-day term, 
and the drought-day x nitrogen interaction associated with 97 
percent of the yield variation between corn yields from 5 
replicated treatments in 3 years. Bwalt et al_. (25) correlated 
the number of drought days in each week and for the season 
with plot corn yields. Drought days were considered as those 
with no available soil moisture. They found that rainfall was 
more highly correlated with corn yields than was the number of 
drought days. Their analysis suggested that rainfall during 
the last week in June and the early weeks of July had the 
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greatest effect upon corn yield. Voss (132) experimented 
with various thresholds of percent available soil moisture in 
the corn root zone as measures of moisture stress days. He 
found that days with 60 percent or more available soil moisture 
depletion (less than 40 percent available) in the root zone and 
surface foot provided the highest correlations with corn yields 
in the 1959-60 period. He also found that corn yields did not 
show a good relationship with total stress days for the en­
tire season. For the periods tested, simple correlation co­
efficients were greatest for his second period, about 5 weeks 
after planting to tasselling. Schwanke (93), using available 
soil moisture levels below 60 percent to designate stress 
days, found high correlation of stress days with plot yields. 
Denmead and Shaw (19) described the évapotranspiration 
from corn as a joint function of the atmospheric energy which 
caused the evaporation from the soil and plant surfaces, and 
the soil moisture which supplied this demand. They also found 
a correlation between dry matter production and the number of 
days the corn plant was below a variable "turgor loss" point 
or temporary wilting. They suggested that once the soil 
moisture is below the variable turgor loss point the plant 
virtually ceases to assimilate carbon dioxide. Recent develop­
ments in measuring the relative turgidity within the growing 
plant itself (Mederski, 63) promise to improve the environ-
mental-plant turgor loss concept and yield estimation. 
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Watson (136) reviewed the physiological progress toward 
yield estimation, which largely began with correlations of all 
accepted plant characters with final yield. Most studies were 
morphological with very little work on the underlying physio­
logical causes. The first step in studying growth as it oc­
curred, and not as the single confounded yield attribute, was 
made by Blackman (4) who pointed out that the increase in dry 
weight was one of continuous compound interest, the increment 
produced in any interval adding to the potential for growth in 
subsequent periods. Blackman called the relative growth rate 
(l/W . dW/dt) the efficiency index. All of the dry weight, 
however, does not contribute to growth, and the increase of 
dry weight per unit leaf area (l/L . dW/dt) is a measure of 
the excess rate of photosynthesis over the rate of dry matter 
loss by respiration. Gregory (35) suggested the use of this 
function in the analysis of growth, calling it the net assimi­
lation rate. Briggs, Kidd, and West (8) correlated the NAR 
of maize with climatological elements, obtaining the closest 
relations with weekly mean and maximum temperatures. They 
also concluded that light intensity appeared to be limiting 
only up to 1/5 full sunlight. Gregory (34) found a signifi­
cant partial correlation of NAR with total radiation but not 
with hours of bright sunshine. Eisele (24), in Iowa, found 
no significant correlations between temperature and hours of 
sunshine with the NAR of corn. The NAR, except for apparent 
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sampling variations, showed a gradual decline from about the 
first week in July. 
Watson (134), working with sugar beets, potatoes, barley, 
and wheat, found differences in NAR between crops, but similar 
climatologically imposed seasonal patterns within crops. The 
differences in yields of dry matter between years and varie­
ties reflected mainly the difference in leaf area, and showed 
no close relation to the much smaller differences in NAR. 
He found the measure of leaf area relevant to dry matter pro­
duction was the integral of the leaf area index (LAI = leaf 
area per unit soil surface) over the whole growth period. This 
integrated function of leaf area and duration was most effi­
cient in dry matter production when it coincided with the 
seasonal NAR peak and the march of climatic factors. Watson 
(135) also found that farm yard manure caused large increases 
in leaf area of wheat and barley by increasing both the leaf 
area and shoot number. Fallowing increased leaf area much 
like the addition of nitrogenous fertilizer, which he attribut­
ed to accumulation of nitrates in the soil. 
Hanway (37) found high correlation between leaf weight, 
total dry, weight, and grain yield of corn. The rate of dry 
matter accumulation was linear over the major part of the 
growing season, but the rate was different for different fer­
tility levels. He found 50 percent of the leaf weight produced 
during a 2-week period in July. The mineral nutrition (38) of 
corn plants in the field appeared to influence grain yields 
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mainly by affecting the leaf area produced early in the grow­
ing season and the length of time the leaves remained alive 
and functioning. Watson (136) suggested that improvements 
in yield must be sought mainly through control of leaf area. 
An obvious way is by population, but it is possible that LAI 
would be limited by nutrient supply and therefore not greatly 
affected by change in plant number. Hanway (37) emphasized the 
importance of fertilization practices in determining the leaf 
area per plant and also in preventing premature death of the 
leaves due to nutrient deficiency. 
Stringfield and Thatcher (109), in Ohio, showed that the 
effect of increasing plant population on grain yield was much 
greater at high than at low fertility levels. They also found 
adapted hybrids to have higher optimum stands than open pol­
linated varieties. Duncan (22), working with plant popula­
tions of 8,000 to 24,000 plants per acre in Iowa and Minnesota, 
found corn yields increased by applications of fertilizer. The 
degree of response was influenced by plant population, the 
initial fertility level of the soil and, to a lesser extent, 
by the hybrids grown. Yield differences attributable to in­
creasing plant populations from 8,000 to 24,000 plants per 
acre ranged from a decrease of 23 bushels per acre on the low­
est fertility level to an increase of 65 bushels on the high 
fertility level. Yield increases were generally linear from 
8,000 to 16,000 plants per acre. Colville and McGill (14), 
working with irrigated corn in Nebraska, reported optimum 
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yields with 16,000 to 24,000 plants per acre. They observed 
generally linear yield response from 12,000 to 16,000 plants 
for drilled and hill-dropped planted corn and from 12,000 to 
20,000 for checked corn. Drilled and hill-dropped corn, at 
the same populations, yielded about 15-25 bushels per acre 
higher than checked corn for populations of 12,000 and 16,000 
plants. Yao and Shaw (137) found that the stand and geometry 
of planting affected the efficiency of water use and yields. 
While stand accounted for most of the yield differences, a 21-
inch row spacing was found to be more efficient than one of 
42 inches for populations of 14,000 and 28,000 plants per acre. 
The energy intercepted by the corn crop, and the resulting 
transpiration and yields, depended upon the crop density or 
total leaf area. Fulcher (30) showed an increased stand ef­
fect on yield with increased applications of nitrogen and in­
creasing soil moisture levels. The moisture variable used was 
the available soil moisture in the top 51 inches of profile 
averaged over the period 7 days before to 10 days after "bloom 
stage". Stand showed little effect on yield when averaged over 
all soil moisture and nitrogen treatments. 
Potential évapotranspiration, as conceived by Thornthwaite 
(118) and now generally used, is considered as the amount of 
moisture which, if available, would be removed from a given 
land area by evaporation from the soil and transpiration from 
plants. 
Potential evaporation is the same as potential evapotrans-
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piration and either must be independent of the nature and con­
dition of the surface, or it must be defined in terms of a 
particular surface. For example, Kohler (52), in an attempt 
to standardize terminology the world over, proposed that po­
tential évapotranspiration be defined as the evaporation from 
a free-water surface of extended proportions. Potential 
évapotranspiration is a measure of the atmospheric energy 
available for the evaporation of water, or, as put by Munn 
(67), the rate of diffusion of water vapor away from a flat 
moist surface. It is a function of solar radiation, temper­
ature, relative humidity, and wind speed. The potential does 
not depend upon the availability of soil moisture except as 
the moisture availability affects the properties of the evapo­
rating air mass, primarily temperature and humidity. This 
latter consideration often results in troublesome oasis or 
"clothes line" (114) effects in agricultural experiments. 
Transpiration from a green, growing crop which completely 
covers the soil surface and with moisture not limiting is 
equivalent to the potential évapotranspiration (Penman, 77). 
Transpiration from an annual crop, however, even with the soil 
moisture not limiting, will usually be less than the potential 
early in the season since the crop does not completely cover 
the ground. Late in the season it may not be green, vigorously 
growing, and transpiring in its final developmental stages. 
This has led to the terra "consumptive use", which Blaney (6) 
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found dependent upon the type of vegetation. The Glossary 
of Meteorology (Buschke, 43) defines consumptive use as the 
total amount of water taken up by vegetation for transpiration 
or building of plant tissues, plus the unavoidable evaporation 
of soil moisture, snow, and intercepted precipitation asso­
ciated with the vegetal growth. It is primarily applied to 
a single type of vegetation. While this definition does not 
include "soil moisture not limiting", this term has been used 
primarily with irrigation projects in the west. It generally 
can be considered the equivalent of potential évapotranspira­
tion during the period in which the crop reaches its maximum 
leaf area and, at other times, when the soil surface is kept 
wet by irrigation, even though the transpiration component may 
be low. 
Actual évapotranspiration, ET, may range from the equiva­
lent of its potential, ETpc, with soil moisture at field capaci­
ty, to practically nil with no available soil moisture. The 
actual role of the availability of soil moisture in controll­
ing ET has been the subject of considerable controversy. 
Veihmeyer and Hendrickson (131), Pierce (81), and Thornthwaite 
and Mather (120) have each used different curves to represent 
the availability of soil moisture to the plant as the root zone 
soil moisture decreases. It is believed that this has been 
resolved by such recent works as Philip (80), Gardner (31), 
Tanner (114), King (49), Denmead and Shaw (19), and Eagleman 
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and Decker (23), which indicate that the individual curves may 
be compatible when the different soil types and climatic con­
ditions under which the curves were experimentally developed 
are considered. The availability of soil moisture to the plant 
depends not only on the amount of available soil moisture—or 
suction with which it is held by the soil—but also upon the 
rate of use levied upon the plant by the atmospheric demands. 
Denmead and Shaw found that the average soil suction in the 
corn root zone at the point where the actual transpiration 
rate fell below the potential rate ranged from 12 bars when 
the potential transpiration rate was 1.4 mm. per day to .3 bar 
with a potential rate of 6 to 7 mm. per day. Since this 
weather-corn yield study builds upon the experimental work of 
Denmead and Shaw, these soil-atmospheric moisture stress con­
siderations are described in detail in later portions of this 
thesis. 
Since 1802 when John Dalton found that the rate of évapora 
tion in still air is in accordance with the saturation deficit, 
E = C(es- e), there have been many equations derived to esti­
mate evaporation from meteorological variables, and also many 
attempts to measure it directly. Van der Bijl (129) observed 
that despite the declaration of British meteorologist Symons 
in 1867 — evaporimetry was "the most desperate branch of the 
most desperate science of meteorology" — there were 578 pub­
lications on évapotranspiration in the 19th century and 200 
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in the first decade of the 20th century. These figures are 
from Mrs. Livingston's (60) bibliography which was considered 
so complete that the special bibliography on evaporation pub­
lished in the "Meteorological Abstracts and Bibliography" (56) 
started where Mrs. Livingston finished. 
Methods of estimation have followed two general theories, 
that of the energy budget, the mass transfer method, or both, 
and were concisely reviewed by Munn (67). The energy balance 
approach (113), stated in its more familiar form as 
1 
Rn = S + A + E +...., has recently been most popular and 
has provided more consistent results than mass transfer ef­
forts, because the net radiation and soil heat flow components 
now can be measured by commercially available instrumentation. 
The primary difficulty is in correctly partitioning the amounts 
of the net radiation expended in sensible (heating the air) and 
latent heat (evaporation of water). This has involved esti­
mation and use of the Bowen ratio, which in itself is a highly 
variable variable (Gerber and Decker, 32). 
Attempts to use the mass transfer approach involve several 
simplifying assumptions: diffusion in the forward direction 
is negligible in comparison with forward transport by the mean 
wind, steady state conditions exist, and there is an infinite 
*Rn = net radiation at the earth surface, S = amount of 
energy used in heating the soil, A = amount of energy used in 
heating the air, E = amount of energy used for évapotranspira­
tion. 
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line source of water (i.e., the problem becomes one of two 
dimensions). For example, with assumptions of no changé of 
humidity with distance ( ^ A = 0) and a neutral lapse rate, 
which assumes Kg = km, eddy diffusivities for water vapor and 
momentum, respectively, Thornthwaite and Holzman (119) de­
rived the aerodynamic expression of 
E = KoV (91 " 32 > ("2 - "l) 
(In h|)2 
Kq is von Karman8s coefficient 
P = density of the air 
and qg = moisture concentration at lower and upper levels 
u^ and U2 = wind speed at lower and upper levels, and 
hi and h^ = height of lower and upper instruments. 
While it would appear that all that is needed is a measure of 
the humidity and wind speed at two levels, it is obvious that 
the assumptions severely limit the opportunities of effectively 
using the equation. This aerodynamic approach has also been 
limited by the failure to develop instruments with which the 
wind and humidity gradients between two levels can be measured 
with sufficient accuracy. Probably the most promising and 
basic approach is the direct determination of the upward flow 
of water vapor in turbulent eddies through a statistical turbu­
lence, or eddy correlation technique. There is work underway 
(King 49) in designing sensing elements capable of measuring 
fluctuations in wind speed and specific humidity over periods 
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of a second or less and at separations of a few centimeters. 
This will permit the measurement and averaging of the expres­
sion E/L = w^)v suggested by Swinbank (111) to obtain the av­
erage evaporation per unit area. Here L is the latent heat 
of evaporation, w is the instantaneous upward component of the 
wind velocity and is the instantaneous water vapor density 
(absolute humidity). Vaughan (130) has developed an infrared 
spectrometer to measure the water vapor, which with the sonic 
anemometer (Suomi and Businger, 110) may permit direct measure­
ment of the water vapor flux away from the evaporating surface. 
Two of the most popular and widely used methods of esti­
mating potential évapotranspiration are those of Thornthwaite 
(117), PET, and Penman (78), E0. Penman developed an equation 
derived by simultaneous solution of the energy budget and mass-
transfer equations, the second of which is empirically derived. 
Due also to practically no climatological records of net radia­
tion, this«factor in the first equation is also generally em­
pirically determined. While Penman's equation has a sound 
theoretical base in considering net radiation, vapor pressure 
deficit, temperature and wind at two meters above the ground, 
the variables required for this estimate are available for only 
a few first order stations within each state. Thornthwaite 
developed an empirical evaporation formula using only tempera­
ture. Humidity and wind are neglected; net radiation is con­
sidered only indirectly through the temperature argument. Yet, 
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requiring only temperature data, it has the advantages of 
convenient use, widely available data and, in the more humid 
areas of the country over extended periods, agrees closely 
with results from the more sophisticated Penman method (Decker, 
17). Kohler et_ al. (55) modified the Penman formula on the 
basis of the Lake Hefner work (53), prepared nomograms to es­
timate pan and lake evaporation from weather data and drew 
charts of these statistics for the United States (54). 
There are two principal methods of direct meteorological 
measurement of the potential évapotranspiration: observing 
the flow of water from a wetted porous surface, and observing 
the change in level of a free water surface in a large tank. 
The first apparatus usually consists of a small vessel of 
porous porcelain (e.g., the Livingstone or Bellani atmometers) 
or a disc of filter paper (Piche evaporimeter) attached to,a 
graduated measuring cylinder closed at one end and containing 
water to keep the porous surface wet. These instruments are 
affected by deposition of dust, greatly influenced by wind, and 
require constant attention to maintain calibration. According 
to Mukammal (66), they are not sufficiently responsive to net 
radiation which is the dominant factor influencing evaporation 
from natural surfaces. 
The evaporation tank has its disadvantages in offering 
a larger heat storage mass, a source of water to birds (al­
ways fenced to protect it from larger animals), rain and wind 
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splash-out, and aerodynamic problems due to various pan shapes 
and differing distances of water below the pan edge. Never­
theless, evaporation pan data with daily attention and obser­
vation offer many advantages as a measure or estimate of po­
tential évapotranspiration, not the least of which is their 
availability. The evaporation characteristics of the Class A 
pan have been thoroughly studied (Nordenson and Baker, 70). 
The final measurement of évapotranspiration—the base 
with which to check all theoretical or empirical equations 
as well as the meteorological measurements—is by the water 
balance method. This consists of measuring all gains and 
losses of moisture available for évapotranspiration and ob­
taining the latter by the difference between the measurements 
of incoming and outgoing moisture sources: Evapotranspira­
tion = rainfall + irrigation - runoff - percolation or ground 
water storage * change in soil moisture storage. This has 
been accomplished on various scales ranging from small sized 
lysimeters (Pelton, 73) to large river basins. The lysimeters 
afford better control and definition, and permit studies of 
shorter time variations in the water balance than do lakes or 
basins; but they are sometimes subject to "edge effects". 
Pierce (81) based his weather estimates of the ET from meadow 
crops on the soil moisture balance records from the Coshocton, 
Ohio weighing monolith lysimeters. Pruitt and Angus (82), 
using a large lysimeter with relatively small edge effect, 
found almost a 1:1 relation between Kohler*s lake evaporation 
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and the lysimeter measured daily BTpç from irrigated perennial 
ryegrass. Correlation of measured BT with Kohler's lake 
evaporation was 0.957; with Penman's E0, 0.948; with net radia­
tion, 0.965; and with Class A evaporation pan measurements, 
0.944. 
While day-to-day variations in the soil moisture balance 
can be recorded with considerable precision with weighing 
lysimeters, the accuracy of present methods of soil moisture 
measurement restrict the study of moisture differences in the 
field to periods of a few days to a week. Rider (85), in a 
World Meteorological Organization commission report on the 
measurement of soil moisture, concluded that "The problem of 
finding an accurate recording or non-recording quantitative 
method to measure soil moisture is unsolved, and the develop­
ment of a suitable apparatus looks remote at present." The 
difficulties of in situ measurements are further complicated 
by the variability of the moisture content and the physical 
characteristics of the soil in the horizon (Eagleman and Decker, 
23) and between sampling points a few feet or inches apart 
(Krumbach (57). Shaw et_ al. (96), using gravimetric sampling 
on variable Webster glacial till, found the standard error of 
the mean of six samples per plot to be 1.2 inches for a profile 
five feet deep. The neutron scattering method appears to 
bridge the difficult problem of variation in soil moisture by 
sampling a volume of soil, but Lawless e_t al. (58) have pointed 
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out that the neutron meter may provide misleading results in 
the surface foot of the profile, the most important layer in 
the water budget. 
Using the water balance approach and periodic gravimetric 
sampling, Denmead and Shaw (21) developed a curve showing the 
daily ratios of the "measured" BTpc from corn in Iowa to the 
evaporation loss from the Weather Bureau Class A evaporation 
pan. To meet the requirement of a crop never short of water 
in their study, all measurements were excluded which showed 
50 per cent or less available soil moisture in the root zone. 
Data were also excluded where there appeared to have been deep 
percolation through the profile, and again where the rainfall 
amount indicated excessive runoff may have taken place. 
Otherwise, an arbitrary, but reasonable, runoff value of 10 per­
cent of the rainfall was assumed. In some cases, direct evapora­
tion from the soil surface may have been restricted below the po­
tential, and subsequent work would now suggest a higher threshold 
value than 50 percent of the available root zone moisture. Yet 
it is likely that at least during the period from mid-July to 
mid-August in which the corn has obtained its maximum leaf 
area, the curve of Denmead and Shaw approaches the potential 
évapotranspiration rate. In this period the actual rate of 
évapotranspiration from corn under the selected conditions was 
about 0.81 of the evaporation pan. This is above the average 
Class A pan coefficient of .74 used by Kohler et al. (54) to 
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convert evaporation pan readings to estimated lake evaporation 
for the Ames area. 
On the basis of a 1959 summer field experiment Fritschen 
and Shaw (29) presented another corn BT/Evaporation pan ratio 
curve which provided substantially lower ratios early and late 
in the season and a higher and broader maximum of about 0.86 
of the pan evaporation from mid-July to September. While the 
Denmead and Shaw curve undoubtedly can be improved, Fritschen 
and Shaw's moisture use may have been overestimated. The 
moisture in the first foot was measured by the neutron probe, 
and the water use was computed by a difference from the as­
sumed field capacity or budgeted level at the time of the last 
rain or irrigation. Conversely, there was no measurable rain 
the first 26 days of June, 1959. This shortage of surface 
moisture, together with the hand weeding or minimum tillage 
of the experimental plot, probably made less soil moisture 
available for evaporation than would be available in normal 
farming cultivations. 
Buss and Shaw (11), using the Fritschen and Shaw ET/pan 
evaporation curve for the season, evaporation pan data, rain­
fall, and periodic soil moisture measurements over Iowa, de­
veloped an empirical soil moisture estimating method which gave 
surprisingly good results. Shaw (101) later improved these 
procedures by incorporating the corrections for low moisture 
conditions found by Denmead and Shaw (19). Shaw (102) also 
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developed methods for estimating soil moisture under meadow 
and oats, and then returned to again improve his empirical 
method for corn (94). Soil moisture in the top five feet of 
profile under corn was estimated in Iowa for June from April 
measurements, for August from June measurements, and for 
November from August measurements. Correlations of the pre­
dicted with the measured soil moisture were 0.96 for June, 0.95 
for August, and 0.96 for November. 
Chang et, al. (13) in Hawaii, concluded that the Weather 
Bureau Class A evaporation pan provided as good an approxima­
tion of the potential évapotranspiration as any empirical 
formula or field instrument. They found the ratio between the 
ETpQ of sugar cane and pan evaporation to increase from 0.4 
for the newly planted cane to about 1.0 for the mature crop 
with full canopy. The maximum cane yield was obtained by ap­
plying water at the same rate as ETpQ would deplete it,..."a 
fact widely postulated but seldom confirmed". 
Reliable daily climatological records for a network of 
about six stations for each of the nine crop reporting districts 
in Iowa extend back to 1890 (123). By 1900 the network had 
reached a density of about one temperature and precipitation 
station per county. These data have been published currently 
(122) and have been used in hundreds of temperature and pre­
cipitation climatological summaries. 
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There have been a number of studies on "drought" but most 
have been based on arbitrary precipitation thresholds. Blumen-
sfcock (7) presented an analysis of runs of dry days. He con­
sidered a run of dry days terminated just prior to any 48-hour 
period during which 0.1 inch or more precipitation was re­
corded. Myers and Shaw (68) defined a dry day as one with less 
than .20 inch precipitation in order to prepare probabilities 
of runs of dry days at Ames and Corydon,Iowa. Shaw ejfc al. (103) 
used the incomplete gamma distribution and the 54-year record 
period 1901-1954 to estimate the chance of receiving various 
minimum amounts of precipitation in 1-, 2-, and 3-week periods 
in the north central United States. 
Barger and Thorn (1) used average county corn yields to 
characterize drought intensity in Iowa, and presented proba­
bilities (2) of receiving less rainfall than that estimated as 
the minimum required to just permit normal corn development 
during a period of n consecutive weeks. Assuming several ar­
bitrary available soil moisture capacities and utilizing the 
Penman method of estimating BTpc> van Bavel and Verlinden (128) 
estimated the probability of various numbers of drought days 
in North Carolina. A drought day was considered one on which 
there was no available moisture remaining in the soil profile. 
This study has been extended into a number of other areas 
(51, 5). Pengra (74) used the Thornthwaite method of esti­
mating the évapotranspiration loss and computed the probabili­
26 
ties of various numbers of drought days for several stations, 
three crop periods, and three different assumed soil moisture 
capacities, 2, 4, and 6 inches. He considered drought to occur 
when the soil moisture had decreased to less than 50 percent 
of the available field capacity. Pengra (76) also estimated 
the amount of irrigation necessary to offset his computed 
drought expectancies. Stauber et. al. (108) used the Thornth-
waite method to estimate évapotranspiration losses and assumed 
bases of 1-, 3- and 5-inch available soil moisture to estimate 
the probability of a minimum number of drought days in the 
Missouri Delta. Drought days were classified as those on which 
there was no available soil moisture left in the assumed soil 
moisture base. 
Palmer (71), in attempting to avoid the trends and vari­
ability in economic and agricultural interpretations of drought, 
has developed a normalized "meteorological drought" index, 
which permits time and space comparisons of drought expectancies. 
With improved knowledge of plant-soil-weather relations, 
the climatological data can be exploited to furnish estimates 
of the economic feasibility of present and proposed methods and 
policies in agricultural technology. McQuigg and Doll (62) 
and Knetsch (50) have utilized weather data in agricultural 
decisions through economic analyses. 
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DATA AND PROCEDURES 
General 
From the literature review there seems to be no argument 
that soil moisture affects crop yields, transpiration, growth, 
and development of plants; the question is: how, when and how 
much? There is also general consensus that the atmospheric 
demand interacts with the available soil moisture. It seems 
reasonable that a drought, or day on which the plant is under 
moisture stress, should have similar unfavorable effects on 
transpiration, growth, and yield. If the atmospheric moisture 
demand is in excess of that which a plant can obtain from the 
available soil moisture supply, the plant loses turgor. The 
loss of turgor is accompanied by closing stomata which de­
crease the CO2 entry for use in photosynthetic production, as 
well as protectively decreasing further water loss from the 
plant. 
The most promising approach to the weather-corn yield 
study seemed to be the application of the potometer-derived 
turgor loss point (@xl) of Denmead and Shaw (19), which is the 
soil moisture content estimated as necessary to maintain tur­
gor for a given atmospheric or evaporative demand. It should 
be pointed out that the Denmead and Shaw experimental curve 
was derived in plastic covered potometers to prevent evapora­
tion at the soil surface, and was a function of the transpira-
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tion at field capacity, Tpc, and the available soil moisture 
in the corn root zone, 0. In this thesis it has been assumed 
that the estimate of ETpc should be very close to Tpc » and the 
0TL curve has been used directly as a function of ETpc and 6. 
Denmead and Shaw worked with a simulated field population of 
about 16,000 plants per acre. The estimated 25 percent of the 
net radiation reaching the ground (18), which would have been 
expended in evaporation at the soil surface, probably con­
tributed to a proportionately greater transpiration from the 
potometers. Conversely, evaporation of any rain from the top 
of the plastic probably decreased Tpg.' Burgy and Pomeroy (10) 
found in vigorously growing grass plots that evaporation of a 
given amount of intercepted moisture was accompanied by a like 
reduction in the amount of transpiration from the plants. 
They concluded that the total moisture use was approximately 
the same in plots with wet and dry leaf surfaces. 
The estimation of the turgor loss point required two 
prerequisite estimates for each day during the growing season, 
© and ETpç. Phenological data were also required in order to 
consider the "stress" days with regard to the growth and de­
velopment of the corn plant. 
Considerable preliminary work was first done with 
the 9-year period, 1954-62. It was the only period 
for which "starting" April and "check" June and August 
soil moisture observations were available for the area. 
It was also the only period for which solar radiation 
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observations were available at Ames. It was a period of 
fairly homogeneous moderate stand levels, and yields were 
from only two hybrid varieties, introducing minimum error from 
weather-variety yield interactions. Unfortunately for this 
study, however, it was apparent that except for 1956, the 
weather at Ames, Iowa was unusually favorable for corn in this 
9-year period. Most scatter diagrams showed a cluster of 
moderate to high corn yields for the 8 favorable years and a 
single low yield point for the unfavorable year of 1956, which 
pattern largely determined the regression and most of the cor­
relation. The failure to obtain a greater range of environ­
mental conditions within this recent homogeneous period led 
to the reconstruction of daily soil moisture estimates back 
to 1933, the first season for which evaporation pan measure­
ments were available at the Agronomy Farm. 
Assuming it is possible to determine occasions of 
moisture stress upon the corn plant, several other problems 
arise: How should the yield figures be homogenized with re­
spect to the differences in stands, varieties, any gradual 
change in fertility levels, and yield sampling methods over 
the last 30 years? Is there any preferred critical period 
over which the stress statistic should be summed, or is the 
effect of moisture stress on the corn plant the same on each 
day of the week or week of the growing season? Is there a 
better single derived weather statistic for estimating corn 
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yields than just moisture stress? What form of function 
should be used in relating the derived weather index to yield? 
Evapotranspiration-Evaporation 
Evaporation pan data (122) from the Ames Climatological 
Station located at the old Iowa State University Agronomy Farm 
3 miles southwest of Ames, Iowa, were used to estimate poten­
tial évapotranspiration, ETpQ, from corn after the method of 
Denmead and Shaw (21). Empirically established ratios of 
corn ETpC to pan evaporation were multiplied by the respective 
daily measurements of evaporation pan water losses to estimate 
daily ETpç from corn. These daily ETpQ amounts were used both 
to estimate soil moisture, as described in the following sec­
tion, and to provide a measure of the atmospheric stress upon 
the corn plant. 
The official Weather Bureau climatological station was 
moved from the Iowa State University campus to the Agronomy 
Farm in July, 1931 (126). The class A evaporation pan was in­
stalled April, 1933, the first in Iowa. The Class A pan is 
4 feet in diameter, 10 inches deep, made of galvanized steel, 
and mounted on a wooden support with bottom of pan about 4-6 
inches above ground. Figure 1 shows the station as it has 
existed from that date to the present. Mr. C. N. Brown, 
Farm Superintendent, now retired, has taken the observations 
from 1931-1963 with the exception of a period from September, 
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1939 to February 1942 (two growing seasons) when observations 
were taken by F. R. Moninger. The weather station is 200 feet 
from the nearest building and surrounded by clipped blue grass 
and Alta fescue. This excellent single location, coupled with 
outstanding observational accuracy enjoyed from Mr. Brown's 
long tenure, furnishes an unusually homogeneous 30-year evapo­
ration record from 1933 through 1962, the period used in this 
thesis. The weather station is located about 100 yards north 
of the 4-year rotation experimental plots from which the corn 
yield data used in this study were obtained. The plots can 
be seen in Figure 1 extending toward the horizon, from the 
fenced road which runs horizontally through the center of the 
picture. 
Observations of the water loss in hundredths of an inch 
were taken with a micrometer hook gage (124) daily at 7 p. m. 
and provide, by difference from the previous day's reading, 
the evaporation amount for the observational day or 24-hour 
period ending at that time. Readings of wind in miles per day 
were taken from an anemometer located with cups 6-8 inches 
above the rim of the pan. Precipitation, temperature, and 
psychrometric observations were made at the same time. The 
*Mr. G. N. Brown received the U. S. Department of Com­
merce, Weather Bureau John Campanius Holm award in 1962, "For 
outstanding public service as a voluntary weather observer at 
Ames, Iowa, for taking and promptly reporting unusually ac­
curate weather observations since 1931; for invaluable assist­
ance to the Weather Bureau in local dissemination of weather 
data; and for outstanding enthusiasm for imparting his ob­
servational knowledge to students and others." 
Figure 1. Weather station in foreground and 4-year crop rotation experimental, plots 
in background at Iowa State University Old Agronomy Farm, 3 miles south­
west of Ames, Iowa. View looking south, September 1963. Recording and 
standard 8-inch rain gages can be seen at the left side of the weather 
station fenced enclosure. The evaporation pan is at the rear center, 
behind and below the thermometer shelter. The 4-year crop rotation 
ranges can be seen extending southward from the fenced road. Range 1100, 
on the far right, is in first-year corn. Ranges 1200 and 1300 are in 
alfalfa, oats having been harvested from 1300 in July. The west half 
of range 1400, at the far left, is in second-year corn. 
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pan is kept filled to about 2 inches from the top for aero­
dynamic homogeneity. Occasionally, heavy rain will cause the 
pan to overflow, or will bring the pan water surface suffi­
ciently close to the rim of the pan so that raindrop energy 
and attendant high winds will splash water from the pan. This 
prohibits a meaningful evaporation measurement for a particu­
lar day. Therefore, it was necessary to estimate evaporation 
amounts on days with missing records. This was done through 
the procedure described by Kohler ejt al. (54). A nomogram 
was entered with pan wind movement in miles per day, mean 
daily dew-point, mean temperature, and solar radiation argu­
ments to estimate daily evaporation. Wind data were available 
on all but a few days when they were estimated through an 
Ames-Des Moines wind relation. The mean dew point was com­
puted as the average of the 7 a.m. and 7 p.m. observed dew 
points and, when missing, from the Des Moines record (125). 
The daily mean temperature was estimated as the average of the 
observational day maximum and minimum temperature, and was 
available for all days. Solar radiation data, from a pyr-
heliometer located on top the Iowa State University Agronomy 
Building, were available since 1954. Missing solar radiation 
data were estimated from the nomogram developed by Sandoval 
and Shaw (91), using the Des Moines percent sunshine and cal­
endar date as arguments to enter the nomogram. 
The evaporation and wind data were placed on standard 
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Weather Bureau 1009-1024 daily punched cards (IBM 761469). A 
listing was made of all the missing observations as well as 
those with .40 inch or more evaporation. All missing observa­
tions were estimated and amounts of 0.40 inch or more checked 
for possible "splash situations". Measurements greater than 
0.50 inch were compared for conformity with amounts computed 
from Kohler ejt al. nomograms. The nomogram estimates were 
supplied in lieu of the observed values when the pan water 
depth below the rim was less than one inch and there was at­
tendant rain or high winds. 
It was interesting to note that Mr. Brown installed a 
bird bath on one corner of the evaporation enclosure on June 
5, 1939, since he had noted a considerable number of birds 
drinking from the pan. The dry, hot 30*s produced some of the 
highest evaporation amounts of record, suggesting that thirsty 
birds may have introduced some increase in evaporation. A pre­
liminary study compared nomogram estimates against measured 
evaporation for the .50 inch and greater amounts before, and 
after, the bird bath installation. Scatter diagrams showed 
no appreciable difference from an approximate 5:4 (observed: 
computed) relation for these high amounts, indicating that 
any bird drinking bias was uniform. 
On the other end of the editing scale, a negative amount 
of evaporation—more water in the pan on the day of observa­
tion than on the previous day—is observed under several con­
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ditions which may be real or erroneous. Under conditions of 
fog or light rain and drizzle all day with attendant high 
humidities, it is possible to have slight, but probably real 
negative amounts of evaporation or condensation on the pan 
water surface. For example, the pan water can become cooler 
than the air after a dry, clear, radiation night. Fog may 
form in the early morning and continue through the rest of the 
day, with the negative amounts occurring before the pan water 
warms to the air temperature. Daily amounts in this situation 
were arbitrarily edited to zero. The larger negative evapora­
tion readings usually result from a differential catch of pre­
cipitation between the evaporation pan and the rain gage, since 
the rain gage is used to correct the evaporation pan readings 
when rain has occurred between readings. Some of the greatest 
errors result in spring on occasions of snowfall. Although 
snow may melt as it falls, the precipitation gage catches less 
of this solid form of precipitation than it should, due to 
wind flow around and over the gage orifice. The larger evapo­
ration pan makes a more satisfactory "snow gage" and catches 
more. Evaporation on these days was also estimated from the 
Kohler nomogram. This category correction usually occurred 
early in the season before the evaporation pan data were used 
in the soil moisture estimating procedure. Observational error 
is always another possibility, but at the Ames station this 
is relegated to an extremely minor role due to the unusually 
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high quality of the observations. 
Soil Moisture Measurement and Estimation 
Since 1954, a cooperative Iowa soil moisture gravimetric 
survey has been taken generally four times a year : in April, 
June, August, and November. Sampling sites with little or no 
slope were selected, and low spots were avoided. The data 
from this survey have been mimeographed (106) and since 1960 
have been published in the annual issue of Climatological 
Data (122). This latter publication includes a description 
of each of the sampling sites. 
From this series of soil moisture data Shaw (94) developed 
an empirical method to estimate soil moisture under corn in 
Iowa which gave surprisingly good results. The reader is re­
ferred for details of the method to this reference. r Briefly, 
however, the method is one of water balance within the limits 
of the soil profile's permanent wilting point and field capa­
city. Precipitation, less runoff, is the income. ET and per­
colation through the profile are the outgo. The incoming 
rainfall, corrected for runoff, is used to bring the top levels 
to field capacity before any moisture is allowed to percolate 
to successively lower layers. The ET loss is prorated within 
the profile according to the active corn root zone, which varies 
with the growth stage of the corn and also with available soil 
moisture. If the soil moisture was not sufficient to furnish 
the corn moisture needs under the atmospheric demand, the ET 
was reduced from its potential by a functional relationship, 
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T/Tpc = f(6» TpC),1 developed by Denmead and Shaw (19) from 
corn grown on Colo clay loam in 20-gallon potometers. Although 
the use of this "Colo-derived" relation to estimate ET from 
corn on the principal upland soil types of Iowa seemedcour­
ageous, the correlations of the estimates budgeted over two-
month periods against the measured terminal amounts were 0.96 
or higher. 
For a valid test of the stress day concept, it was nec­
essary to obtain reliable estimates of the atmospheric demand 
and available soil moisture for each day. The development of 
the soil moisture prediction method utilized the average daily 
evaporation pan amounts for weekly periods for estimates of ET 
and the bimonthly survey data for verification. Considerable 
preliminary work was done to determine the accuracy of the 
method when daily evaporation pan measurements were used in 
the water balance computations. To do this, soil moisture 
estimates were compared against those measured by a neutron 
meter every few days in 1961-62. Unfortunately, however, 
neutron probe readings underestimate the soil moisture in the 
top foot (Lawless ejt ad., 58), and this method could not be 
used to evaluate very short time water loss. 
*T = actual transpiration, Tpc = transpiration at field 
capacity, © = Average soil moisture in corn root zone. 
^Data measurements by Dr. Augustine Yao and summarized 
in (138). 
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The timing of rainfall may affect the amount of estimated 
ET loss on a particular day, especially under moisture stress 
conditions. To simplify and standardize the water balance 
procedures, however, the daily BT was subtracted from the soil 
profile before any rainfall was added. Closer timing consider­
ations may become important after further experience and when 
more accurate methods of soil moisture measurement become 
available. 
There was more frequent soil moisture sampling in the 
first year of the Iowa Soil Moisture Survey, 1954, than in any 
subsequent year. In Table 1 two sets of water balance esti­
mates of available soil moisture are compared against gravi­
metric measurements for several dates in the corn season of 
1954. One set of water balance estimates for 1954 started 
from the gravimetric measurement on June 7, the other set of 
estimates from July 9. The estimates of the total soil mois­
ture in the five-feet profile on all dates were well within the 
soil moisture sampling error as estimated by Shaw ejt al. (96) 
for a variable Webster glacial till soil. Negative available 
moisture was measured in the surface foot in July, but there 
is no provision in the budget method for considering soil 
moisture above 15 atmospheres of tension. It was assumed that 
negative available amounts at one level would not prevent the 
use of plant available moisture at another level. The nega­
tive values were added as zero in determining the measured 
available moisture in the entire profile. This introduced a 
Table 1. Estimated and measured soil moisture under corn on Ames Agronomy Farm plot L-5, 1954; 
(all soil moisture values in inches available moisture) 
Date of measurement Stand­
is ard 
Profile June la July 9 ' July 15 July 28 August 6a»k September 2a> error 
depth Meas Est Meas Est Est Meas Est Est Meas Est Est Meas Est Est Meas of 
(ft) AFCc #lf #1 #2e #1 #2 #1 #2 #1 #2 means f 
0-1 2.00 1.00 0.00 0.30 0.00 0.00 -0.20® 0.13 0.13 -0.50 0.00 0.00 -0.40 1.58 1.58 1.20 0.18 
1-2 1.60 0.40 0.98 0.50 0.30 0.10 0.30 0.00 0.00 0.00 0.00 0.00 0.10 1.50 1.50 1.20 0.22 
2-3 1.70 0.90 1,05 1.10 0.84 0.90 1.00 0.41 0.30 0.50 0.25 0.14 0.10 1.60 1.60 1.70 0.31 
3-4 1.70 1.40 1.31 1.60 1.17 1.44 1.50 0.75 0.88 1.00 0.61 0.71 0.90 1.06 1.04 1.70 0.47 
4-5 1.70 1.50 1„50 1.50 1.50 1.50 1.40 1.45 1.50 1.30 1.29 1.38 1.30 1.17 1.26 1.70 0.48 
Total 8.70 5.20 4.85 5.10 3.81 3.93 4.20h 2.74 2.82 2.80h 2.15 2.23 2.40% 6.90 6.96 7.50 1.20 
Percent AFC 
root zone 50 43 46 33 35 40h 31 32 32h 25 26 28h 79 80 86 
Percent AFC 
5 ft. 
profile 60 56 59 44 45 48" 31 32 32h 25 26 28h 79 80 86 
-E» 
O 
aFrom Final soil moisture survey summary (106). 
bFrom Table 1, Shaw et al. (98). 
°AFC « Assumed available field capacity. 
oil moisture budget estimate beginning with June 7, 1954 measurement. 
eSoil moisture budget beginning with July 9, 1954 measurement. 
fprom Shaw et al. (96). 
SNegative values: indicate soil moisture was held at greater than 15 bars tension. 
^Negative valuest were added as zero AFC since it was assumed negative AFC at one level would 
not prevent available moisture from being used at another level. 
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discrepancy in the budgeting of precipitation amounts, since 
the deficiency as well as the available field capacity for the 
surface foot had to be supplied before rainfall percolated to 
the next lower depth in the profile. 
The estimated and measured available soil moisture amounts 
were also compared for two budgets in 1955, one from April 9 
and the other from July 16. The total profile and most of 
the foot increments were found to be within the sampling error. 
Unfortunately for this study, after the April 1956 sample 
the corn soil moisture survey site for Ames was moved about 
2.5 miles northeast from the Agronomy Farm to the Beech Avenue 
plots in the Squaw Creek flood plain. Available field capacity 
(AFC) on this Colo soil was higher, probably about 9.2 inches 
in comparison with the value of 8.7 inches (98) used for the 
Agronomy Farm. Besides soil differences the 2.5 mile separation 
of the soil moisture measuring site from the raingage intro­
duced an additional source of error—differences in rainfall 
between the two sites. It was assumed that the precipitation 
measured at the Agronomy Farm would be fairly representative 
of the Beech Avenue sampling site until the first measurement 
in the spring. The Beech Avenue site April measurement was 
used as the starting point for the daily soil moisture compu­
tations for the season. Due to the showery nature of spring 
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and summer rainfall, the budgeted estimates for the Agronomy 
Farm from the first Beech Avenue soil moisture measurement 
were believed more accurate than attempting to adjust to sub­
sequent soil moisture measurements at the Beech Avenue site. 
Nevertheless, for comparison, a second Beech Avenue measure­
ment in July or August (Appendix Table 23) was used as a start­
ing point for another set of water balance computations. While 
one may wonder which is right—the budget estimates for the 
Agronomy Farm or the July or August Beech Avenue measurements— 
the frequencies of differences between the daily estimate for 
the Agronomy Farm budgeted from the April measurement and the 
July or August Beech Avenue measurement for the 9 years, 1954-
62, are shown in Table 2. The two sets of estimates—one bud­
geted from April, the other from the July or August measure­
ment—were also compared at a fixed date, September 1. The 
frequency of differences is shown in Table 3. In both Tables 
2 and 3 there were no total profile differences in available 
soil water greater than 1.00 inch, and 7 out of 9 were within 
.5 inch. 
The seasonal march of estimated daily percent available 
soil moisture in the corn root zone for 1954, budgeted from 
the Agronomy Farm June 7 measurement, is shown in Figure 2. 
A plot of the daily percent available soil moisture amounts 
budgeted from the July 9 measurement showed no differences 
greater than 2 percent from the daily estimates budgeted from 
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Table 2. Frequency of differences between budget estimate of 
available soil moisture from first measurement in 
spring (usually April) and July or August available 
soil moisture measurement, 1954-1962; Ames, Iowa 
Depth, Class interval of differences, inches of available 
ft. water, estimated - measured 
Less -51 -.11 -.10 .11 .51 Greater 
than to to to to to than 
-1.00 -1.00 -.50 .10 .50 1.00 1.00 
0-1 114 3 
1-2 1 2 0 3 3 
2-3 2 3 2 2 
3-4 5 2 1 1 
4-5 6 3 
Total 1 3 2 2 1 
Table 3. Frequency of differences on September 1 between two 
water balance estimates of available soil moisture, 
one starting in April and the other with the July 
or August soil moisture measurement, 1954-1962; 
Ames, Iowa 
Depth, Class interval of differences, inches, April 
ft. estimate - July estimate 
Less 
-.51 -.11 -.10 .11 .51 Greater 
than to to to to to than 
—1.00 
-1.00 -.50 .10 .50 1.00 1.00 
0-1 9 
1-2 2 5 2 
2-3 4 4 1 
3-4 3 5 1 
4-5 1 5 3 
Total 1 3 2 2 1 
Figure 2. Estimates of daily percent available soil moisture in corn root zone 
for the seasons of 1954, 1956, and 1958 at Ames, Iowa, on well-drained 
soils having an available field capacity of 8.7 inches. 
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June 7. The periodic measurements, expressed as percent avail­
able in the corn root zone, are shown as squares along the 
curve. 
The estimated percent available soil moisture curves for 
1958 and 1956, the best and poorest corn yield years on the 
experimental plots, respectively, are also shown on Figure 2. 
The squares indicate measurements at the Beech Avenue site. 
The circles on the figure represent the daily average percent 
available soil moisture in the corn root zone estimated as 
necessary for the corn plant to maintain turgor under the at­
mospheric conditions existing for the particular day. These 
soil moisture-atmospheric turgor loss points C©xL^ are plotted 
only when above the estimate of daily available soil moisture 
in the corn foot zone, and indicate "moisture stress days". 
There was only one extreme drought year, 1956, in the 9-
year period. To increase the range of the independent vari­
ables in the weather-corn yield study, it was desired to ex­
tend the period of study back to 1933, the first year of 
evaporation records. The water balance method seemed to offer 
sufficient accuracy to warrant making a number of runs at 
various assumed starting measurements, and selecting an ap­
propriate seasonal soil moisture "march" to represent the 
particular year. 
The soil moisture prediction method is quite detailed 
and offers many opportunities for error, as well as being time 
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consuming. It was programmed on the IBM 7074 computer to 
facilitate and speed the computation of the 21 additional years 
of daily soil moisture estimates, as well as to check those 
which had been made by hand. The reader is referred to (16) 
for instructions, necessary tables, and details of the pro­
gram. To provide an idea of what the computer program furnish­
es, an example of the final daily printout is shown in Table 4. 
Most of the column headings are self-explanatory, but a few--
RATIO, PAVI, TH, and TOTAL—were included to facilitate 
•'stress day" tabulations and are not described by Shaw (94). 
The headings are explained as follows: 
IDEN: Weather Bureau Index Number of station followed by last 
two numbers of year. 
MO: Month,.4 for April,.... 11 for November. 
DY: Day number within month. 
PCP: 24-hour precipitation, specifically for Ames from 7 p.m. 
of one day to 7 p.m. of the following. 
EVP: 24-hour evaporation from a Weather Bureau Standard 
Class A evaporation pan, for Ames the 24 hours ending 
at 7 p.m. 
ET: 24-hour potential évapotranspiration from corn in hun­
dredths inch as estimated from ET corn/EVP ratio multi­
plied by EVP. 
TH: Percent available soil moisture in corn root zone esti­
mated as that required by existing atmospheric condi-
Table 4. Sample final output of Fortran IBM 7074 computer program for estimating soil moisture under 
corn in Iowa; (this specific sample is for Ames, Iowa, assuming a 9.00-inch available field 
capacity and a starting soil moisture profile of 20 percent available field capacity—1.80 
inches--on April 1, 1934, Iden = 13020534 for all dates) 
Mo Dy PCP EVP ET TH PAV PAVl 12345 6 7 89 10 RATIO RNF STET TOTAL 
7 1 0.00 0.32 21 71. 8 9 0.19 0.00 0.05 0.05 0.04 0.09 0.10 0.10 0.17 0.17 0.13 .00 .03 0.97 
7 2 0.01 0.32 22 78. 6 4 0.09 0.00 0.05 0.05 0.04 0.08 0.10 0.10 0.17 0.17 0.08 .00 .03 0.86 
7 3 0.42 0.20 14 29. 11 15 0.42 0.00 0.05 0.05 0.04 0.08 0.10 0.10 0.17 0.17 0.66 .00 .03 1.18 
7 4 0.63 0.31 22 78. 20 42 0.93 0.00 0.05 0.05 0.04 0;08 0.10 0.10 0.17 0.17 0.54 .00 .03 1.68 
7 5 0.18 0.23 17 39. 19 44 0.97 0.00 0.04 0.04 0.03 0.07 0.09 0.10 0.17 0.17 1.13 .00 .07 1.69 
7 6 0.33 0.21 15 32. 22 53 1.10 0.07 0.04 0.04 0.03 0.07 0.09 0.10 0.17 0.17 1.66 .00 .06 1.87 
7 7 0.00 0.26 19 50. 19 46 0.97 0.05 0.03 0.03 0.02 0.06 0.08 0.10 0.17 0.17 0.92 .00 .09 1.68 
7 8 0.00 0.27 20 57. 16 40 0.85 0.02 0.02 0.02 0.01 0.06 0.07 0.10 0.17 0.17 0.70 .00 .08 1.50 
7 9 0.80 0.26 20 57. 26 70 1.10 0.43 0.02 0.02 0.01 0.05 0.06 0.10 0.17 0.17 1.23 .00 .07 2.14 
7 10 0.00 0.30 23 80. 23 62 0.96 0.39 0.01 0.01 0.00 0.04 0.05 0.10 0.17 0.17 0.78 .00 .13 1.91 
7 11 0.08 0.23 18 45. 21 59 0.92 0.37 0.00 0.00 0.00 0.03 0.04 0.10 0.17 0.17 1.31 .00 .08 1.81 
7 12 0.48 0.40 32 89. 24 73 1.10 0.51 0.00 0.00 0.00 0.03 0.04 0.09 0.17 0.17 0.82 .00 .08 2.11 
7 13 0.07 0.31 24 84. 23 70 1.04 0.49 0.00 0.00 0.00 0.02 0.03 0.09 0.17 0.17 0.83 .00 .08 2.00 
7 14 0.00 0.31 24 84. 20 63 0.92 0.46 0.00 0.00 0.00 0.01 0.02 0.08 0.17 0.17 0.75 .00 .07 1.83 
7 15 0.00 0.39 31 89. 18 56 0.79 0.43 0.00 0.00 0.00 0.00 0.01 0.07 0.17 0.17 0.63 .00 .08 1.65 
7 16 0.02 0.45 36 90. 16 49 0.68 0.40 0.00 0.00 0.00 0.00 0.00 0.06 0.17 0.17 0.54 .00 .08 1.49 
7 17 0.13 0.15 12 23. 16 50 0.75 0.36 0.00 0.00 0.00 0.00 0.00 0.04 0.17 0.17 2.17 .00 .10 1.49 
7 18 0.00 0.22 18 45. 14 44 0.62 0.34 0.00 0.00 0.00 0.00 0.00 0.03 0.17 0.17 0.98 .00 .06 1.33 
7 19 0.00 0.46 37 90. 12 37 0.50 0.31 0.00 0.00 0.00 0.00 0.00 0.03 0.16 0.17 0.41 .00 .07 1.16 
7 20 0.00 0.56 45 90. 10 30 0.37 0.28 0.00 0.00 0.00 0.00 0.00 0.02 0.15 0.17 0.33 .00 .08 0.98 
7 21 0.00 0.59 48 90. 8 23 0.24 0.26 0.00 0.00 0.00 0.00 0.00 0.01 0.13 0.17 0.26 .00 .07 0.81 
7 22 0.00 0.57 46 90. 6 16 0.12 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.17 0.18 .00 .06 0.66 
7 23-0.00 0.56 45 90. 4 10 0.00 0.22 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.17 0.11.00 .05 0.51 
7 24 0.00 0.46 38 90. 4 9 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.17 0.10 .00 .03 0.48 
7 25 0.00 0.42 34 90. 4 9 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.17 0.10 .00 .01 0.47 
7 26 0,12 0.21 17 39. 6 14 0.12 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.17 0.36 .00 .01 0.57 
7 27 0.00 0.28 23 80. 5 9 0.01 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.16 0.11 .00 .02 0.45 
7 28 0,00 0.38 31 89. 5 8 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.16 0.09 .00 .01 0.43 
7 29 0.00 0.45 36 90. 5 8 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.16 0.09 .00 .01 0.42 
7 30 0.00 0.30 24 84. 4 7 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.16 0.08 .00 .02 0.40 
7 31 0.00 0.34 28 88. 4 7 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.16 0.08 .00 .01 0.40 
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tions to prevent the corn plant from losing turgor. 
PAV : Percent available soil moisture in corn root zone. 
PAV1: Percent available soil moisture in the top foot of 
soil profile. 
1: Inches of available soil moisture in top half-foot of 
soil profile. 
2: Inches of available soil moisture from l/2 to 1 foot 
depth. 
10: Inches available soil moisture from 4 l/2 to 5 feet 
depth. 
RATIO: PAV or PAV1 (whichever greater)/TH. If this ratio were 
1.00 or more the day was classified as one without 
moisture stress. If the ratio were less than 1.00, it 
was classified a stress day or one on which there was 
little corn growth and development. 
RNF: Estimated runoff using antecedent precipitation index 
(API) and nomogram from (94) or table from (16). In 
the computer program the daily precipitation series 
used to estimate the API was arbitrarily cut off 5 
days before the day of budget. 
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STET: Actual estimated ET, or ET reduced by moisture stress. 
TOTAL : Total available soil moisture in top five feet of pro­
file. 
The program was designed for a sliding crop calendar 
with date of 75 percent silking as the reference point. The 
application of the ET/EVP ratio to estimate ET, the schedule 
of advancing root pattern or depth extraction of moisture, and 
the decreased or stressed ET(STET) are all fixed in time by 
the silking date. 
Prior to all machine operations, daily climatological 
data punched cards had to be checked for completeness for both 
evaporation and precipitation. Any daily data omissions or 
accumulated amounts were estimated and edited into the cards. 
This editing, or "deck cleaning" process, is the only time 
consuming part of the procedure. After the data and program 
card decks were assembled, the time required for the computer 
soil moisture budget was approximately 1 1/2 minutes for com­
piling the program and loading the tables, and 3/4 minute for 
each year. This was almost negligible compared to the approxi­
mately one day per year required by proficient manual methods. 
Using the machine program and 30 years of climatological 
data on punched cards from April 1 through November 30 for 
each year, nine computer runs were made assuming three differ­
ent available field capacities (AFC)—12.0, 9.0, and 6.0 
inches—and for each AFC, starting April 1 profiles of 20, 60, 
50 
and 100 percent AFC. These nine assumed AFC-percent AFC start-. 
ing levels were believed to bracket most Iowa soil moisture 
conditions. The assumed total available field capacity was 
distributed within the five-foot profile in accordance with 
general findings of the Iowa Soil Moisture Survey (106). The 
April 1 starting 20 and 60 percent AFC moisture was prorated in 
the profile in accordance with the distribution of the average 
lowest available moisture measurements at all site-years. 
This latter was important because the distribution of moisture 
within the profile makes considerable difference in its mois­
ture loss. The nine April 1 assumed starting available soil 
moisture profiles are shown in Appendix Table 24= 
The 9-inch AFC was sufficiently close to the assumed 8.7-
inch AFC at the Agronomy Farm to compare the daily soil mois­
ture estimates budgeted from actual measurements against those 
budgeted from the more appropriate of the three April 1 as­
sumed starting AFC profiles. To obtain the appropriate April 1 
starting soil moisture profile, the following procedure was 
used: The three budgets for the 9.0-inch AFC--starting with an 
assumed April profile of 20, 60, and 100 percent AFC—were ex­
amined to find that in 1951 all three budgets ended at 100 
percent on November 30, regardless of starting level. There­
fore, the budget starting with 100 percent AFC on April 1 was 
used for 1952. The 1952 budget ended with 4.88 inches in the 
51 
five-foot profile on November 30, closest to 60 percent (5.40 
inches). It was assumed that during December through March 
the ground was frozen, precipitation did not contribute to the 
soil moisture, and there was no evaporation loss from the pro­
file. Accordingly, the budget beginning with 60 percent AFC 
April 1 was used in 1953 which ended with only 2.07 inches or 
about 20 percent AFC. The budget beginning with 20 percent 
AFC was used to start the 1954 year which closed with a soil 
moisture profile total of 8.53 inches or closest to 100 per­
cent AFC. With similar reasoning, the budget for 1955 was 
started on April 1 with 100 per cent AFC, 1956 with 20, 1957 
with 60, and 1958 through 1962 with 100 percent AFC. If the 
ending profile in the fall could not be classified clearly as 
one of the three arbitrarily selected starting percentage AFC 
levels, the March precipitation was subjectively considered 
as a "tie-breaker". For example, the ending November 30 water 
balance estimates in 1958 and I960 were slightly closer to the 
60 percent than the 100 percent AFC, with November profile 
totals of 7.05 and 6.88 inches, respectively. Due to the much 
above normal March precipitation, with at least the top foot 
of profile thawed by the last week in the month, the 100 per­
cent AFC level was assumed to be the more realistic starting 
April 1 profile moisture. 
Scatter diagrams comparing the percent available soil 
moisture in the root zone on July 1, August 1, and Sept. 1 a-s 
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computed from the budget beginning with the spring gravimetric 
soil moisture measurement with that budgeted from the assumed 
April 1 starting point--20, 60, or 100 percent AFC--a£e shown 
in Figure 3. Since the root zone on July 1 is usually about 
2 1/2 feet deep a second scatter diagram for July 1 provides 
the relation for the entire five-foot profile. Lines on the 
diagrams are 1:1 lines and indicate almost perfect correlation 
with the exception of one year, 1954, on the September 1 dia­
gram. This was due to a two-day discrepancy in programmed 
silking date between the two budgets with a greater precipi­
tation runoff subtraction from the assumed 20 percent budget. 
With the encouraging agreement, between the two budgeted 
estimates, the more appropriate of the three starting profile 
soil moisture budgets was selected to estimate the soil mois­
ture regime for each of the years 1933 through 1953. The most 
difficult starting level to select was the first year, 1933. 
From the Climatological Data for 1931, 1932, and early 1933 
it was determined that the April 1, 1933 soil moisture was 
probably near 100 percent. The 1933 Annual Climatological 
Data (122) narrative described March 1933 as the wettest since 
1878, and "Heavy rains of the 29th-31st coming at a time when 
the ground was saturated or frozen caused all streams to rise." 
Starting at 100 percent AFC on April 1, the 1933 budget ended 
nearest 60 percent AFC. The 1934 budget was started on April 
1, at 60 percent AFC and ended on November 30 closer to 100 
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Figure 3. Scatter diagram of estimated percent available field 
capacity budgeted from a selected appropriate April 1 
starting soil moisture profile of 100, 60, or 20 per­
cent AFC on estimated percent AFC budgeted from spring 
gravimetric soil moisture measurements. Comparisons 
presented for July 1 for both corn root zone and en­
tire five-feet profile, and five feet profile for 
August 1 and September 1, Ames, Iowa, 9-inch AFC, 
1954-1962. 
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percent AFC. The assumed April 1 starting soil moisture 
profiles used for Ames for each year are given in Appendix 
Table 25 . 
The moisture stress variables used in this thesis are 
based on the daily soil moisture budget estimates using a 9.0 
inch AFC and the appropriate assumed April 1 starting percent 
AFC for the years 1933-53. The 1954-62 daily soil moisture 
budget estimates used an 8.7-inch AFC and an initial measured 
soil moisture profile. 
Specific Experimental Plot Soil Considerations 
One of the necessary conditions in the selection of sites 
for the Iowa soil moisture survey was that the plots be level 
or gently sloping so as not to receive and hold rainfall run­
off from some other area. The estimation of soil moisture 
under corn considered runoff but not runon. Calculation of 
runon would be a complex hydrologie problem. 
Upon preliminary viewing of the 4-year rotation plots 
(Figure 5) it was apparent that many of the plots would re­
ceive runoff from other plots and thus were not "soil moisture 
budgetable." In his discussion of soil factors affecting 
crop yields on these same plots, Shrader (104) stated, "Webster 
soils, occupying nearly level areas at lower elevation than 
the Clarion soils, have no runoff and in addition commonly 
receive some of the water that runs off the surrounding 
RANGE NO. 
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SCALE l"= 100" 
Figure 4. Iowa State University Old Agronomy Farm 4-year rotation experimental 
plots 00 to 10, ranges 1100 to 1400. Soil classification by Shrader 
(104) and 1-foot contours from Department of Agricultural Engineering 
Survey, 1961. 
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Clarion soil areas. . Nicollet soils which occupy a topographic 
position between the Clarion and Webster soils are intermedi­
ate in amount of runoff. The amount of water that enters the 
soil is therefore greatest on Webster and Glencoe soils and 
least on the Clarion soils." In Figure 4 the soil series, as 
charted by Shrader (104) and the 1-foot contours surveyed by 
1 
the Agricultural Engineers are superimposed over the 4-year 
rotation plot-range layout for plots 00-10 on ranges 1100-
1400. The similarity between the contours and soil type pat­
tern indicates the importance of the toposequence as defined 
by Jenny (48) in accounting for the soil series themselves. 
McCracken (61) reasoned that since the C^ horizons of Clarion 
and Webster are similar with regard to percentage of sand and 
clay, the greater clay differences in the surface of the Webster 
is not genetic (due to soil forming processes) but must be due 
to continual accretion of soil material from up-slope. More­
over, as Webster soils were either intermittent ponds or al­
most continually wet soils before drainage and cultivation, it 
seems reasonable to expect deposition on these soils (or 
ponds) of material relatively high in clay and silt. Thus, 
rather than using a slope criterion constructed from the con­
tour chart, the selection of budgetable soil moisture plots 
for the corn yield study seemed best accomplished by selecting 
only plots on Clarion or Nicollet soils. The delineation be-
^Traced from draft survey 1962, courtesy of Prof. Thamon 
E. Hazen, Department Agricultural Engineering, Iowa State Uni­
versity of Science and Technology. 
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tween Webster and Nicollet determined the specific plots 
which were used in this moisture stress-corn yield study. In 
addition to the difficulty of budgeting runon, the presence 
of a water table during portions of the growing season, pri­
marily in the spring, negates or casts doubt upon any surface 
water balance estimates on Webster. Corn roots can draw upon 
the free water supply which cannot be measured. The corn 
yields were not used for any predominantly Webster plot with 
one exception. Control plot 10, which consisted of Webster 
on all four ranges, was included in some weather and corn yield 
regressions to evaluate the above hypothesis. 
Soil moisture measurements were taken in the 4-year ro­
tation plots in 1963 to examine the variability in available 
soil moisture among the plots for which the water balance es­
timates had been made. It was also hoped to verify the 8.7 
to 9.0 inch-AFC which had been assumed in the soil moisture 
estimation and to compare the measurements on the different 
plots with water balance estimates. 
It was suspected that the soil type and micro-topography 
might account for much of the variability usually lumped into 
sampling error. For example, Krumbach (57), working with con­
tour intervals of .3 foot and a total elevation difference of 
1.8 feet, found that very small changes in the microrelief 
caused significant changes in both moisture content and bulk 
density in the 6 to 12-inch layer sampled. 
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Soil moisture samples were taken in selected plots on 
June 5, July 24-25, and October 5, 1963. Many of the budget-
able plots, and all those which had received applications of 
more than 8 tons of manure every 4 years, were located on the 
lobe of Clarion-Nicollet with southernmost extension on Range 
1100. The higher ground of range 1100, plots 00-06, is re­
flected in both the soil types and contours of Figure 4 and 
can be seen as a rise in the first-year corn against the tree-
, 
1 
line at the left of Figure 5. 
A north-south transect, slightly to the west of center of 
range 1100, was taken on June 5, 1963. This range was in 
first-year com, and the corn plants were about 6 inches high. 
With an Oakfield sampler tube, three borings five feet deep 
were taken about the middle of each plot, 00-10. In accordance 
with Iowa soil moisture survey procedure, one of the borings 
was in the row between two plants, another half-way between 
the rows, and the third half-way between the first two. Each 
hole was spaced at least six feet from the others along the 
rows. These three samples in each plot were pooled by one-foot 
increments. The moisture content was determined by standard 
gravimetric methods. While the reader is referred to Shrader 
(104) for a complete description of the soils, Figure 6 shows 
the distinct soil color gradation from Nicollet and Clarion 
on the left to Webster on the right. The soil moisture cans 
are arranged in order with plot 00 on the left (north) to 
Figure 5. View looking north-northwest at 4-year rotation plots, 
Agronomy Farm, Ames, Iowa, September 1963. Range 
1100, in first year corn, is at the left against the 
treeline. Range 1200, in alfalfa, is at the center ; 
and range 1300, alfalfa in oat stubble, is at the 
right center. Thermometer shelter can be seen against 
barn over range 1300. The slight rise marks the 
Nicollet and Clarion soils. 
Figure 6. Soil moisture samples taken in north-south transect 
along center of range 1100 on June 5, 1963. Cans 
are arranged in order with plot 00 on the left to 
plot 10 on the right ; the 0-1 foot profile depth 
at top to the 4-5 foot depth at the bottom. Nicol­
let and Clarion soils on left grading to Webster 
on the right. Missing 4-5 foot samples due to 
water table. 
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plot 10 on the right. Similarly, the 0-1 foot depth is at 
the top and the 4-5 foot depth at the bottom. 
Surprisingly, on June 5 a water table was found on all 
plots, even on Clarion. The depths of the free water were 
found at about 5 feet on plots 00-02, 4jr feet on 03, 04, and 
06, 4 feet on 05, 07, 08, and 09, and 3§- feet on 10. By July 
24 the water table had disappeared or receded below five feet 
on the plots sampled, except for control plot 10, where free 
water was found at 5 feet. There was no free water found on 
any of the plots sampled October 5. It is not known how com­
mon it is to have water tables on the Webster plots into July, 
one of the most critical soil moisture months. This was fur­
ther evidence against attempting any budget for the Webster 
plots, and raised the question of how often water tables may 
be within the effective root zone of corn on the Clarion and 
Nicollet soils. 
Possible water tables may be another contributing source 
of unexplained variance about the moisture stress-corn yield 
regressions. Water tables would also produce bias in the 
weather-corn yield relationships, since the availability of 
free water within the corn root zone would always act to in­
crease the actual number of non-stress days over that esti­
mated. It is believed that the occasions of water tables on 
the Clarion-Nicollet soils are coincident with non-stress 
periods and probably do not greatly bias the results. 
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To determine the percent available field capacity, it was 
necessary to establish the gravimetric percent soil moisture 
at the permanent wilting point and at field capacity. The 
percent soil moisture at the permanent wilting point was esti­
mated gravimetrically after applying 15 atmospheres of pres­
sure to the soil samples for three days in the pressure mem­
brane apparatus (Richards, 83). Since the field capacity was 
not established in situ by the preferred method (Shaw and 
Rtinkles, 97), it was approximated gravimetrically after apply­
ing l/3 atmosphere pressuré with pressure plate equipment 
(Richards and Fireman, 84). While the results in percentages 
by weight of dry soil are sufficient to express the soil 
moisture in percent AFC, the bulk density is required to con­
vert the percent soil moisture by weight into inches of water 
per foot of soil profile. 
Shaw et/al. (96) found that bulk density increases with 
depth on glacial till, and a constant value cannot be used. 
Bulk density also varies some within the same soil type and 
with soil moisture content. Bulk density measurements were 
not taken, but those given by Shaw et. âi* (96) for Webster and 
Clarion soils were used to estimate inches of water in the pro­
file with the conversion: 
(percent moisture)(inches of soil profile) 
Inches of water = (bulk density) . 
100 
62 
The bulk densities for 6-inch depth increments were averaged 
to obtain the following values for one-foot increments in 
Webster and Clarion soils. The values for Nicollet were es­
timated as mid-way between those of Webster and Clarion. 
Table 5. Average bulk densities in Clarion, Nicollet and 
Webster soils 
Depth, Average Bulk density 
feet Clarion Nicollet Webster 
0-1 1.29 1.34 1.40 
1-2 1.32 1.45 1.58 
2-3 1.46 1.54 1.62 
3-4 1.58 1.63 1.68 
4-5 1.67 1.70 1.72 
The variability of bulk density is illustrated by Mc-
Cracken's work (61) which for the same three soil types showed 
bulk densities about .25 less than those listed above. Both 
Shaw et al_. and McCrackenfs determinations were in quadrupli­
cate. Shrader (104), with no replication, found values about 
.25 higher than those of Shaw e_t al. 
The percent moisture at 1/3 and 15 atmospheres pressure 
was determined on air-dried samples taken for that purpose 
on October 5, 1963. In order to use the same samples to es­
timate the available water on that date, duplicate sets of 
samples to five feet were taken on Nicollet plots 01 and 06, 
with one of each set oven-dried in the standard manner. The 
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average correction factor, 1.20, was used to increase the soil 
moisture estimates for each of the air-dried soil samples. 
The Colo clay loam potometer derived curves (94) seemed 
to be sufficiently accurate in considering Stressed ET" in 
the estimation of soil moisture on all well drained soils in 
Iowa. These curves were used directly to create the daily 
soil moisture series. The first estimates of also used 
Denmead and Shaw*s curve directly. While there are several 
compensating mechanisms in the soil moisture budgeting pro­
cedure, there is less latitude for error in the determination 
of the soil moisture required by the plant under specific at­
mospheric stress conditions. If the Clarion-Nicollet mois­
ture release curves were considerably different from the Colo 
curve this could affect the estimated number of moisture stress 
occurrences. 
Denmead and Shaw (19) presented a soil moisture-tension 
curve for Colo silty clay loam on which the experimental esti­
mates of were obtained. Tamboli (112) presented moisture-
tension curves for Nicollet silt loam with several sized ag­
gregates. Denmead and Shaw's curve (soil suction on percent 
moisture by volume) and Tamboli*s 5-mm. aggregate curve (tension 
on percent moisture by weight) were both scaled in percent 
available field capacity on tension and shown in Figure 7. 
Tamboli's curve shows that slightly more water is released at 
5  MM.  A G G R E G A T E  NI C O L L E T  S I L T  L O A M  
CO L O  SI L T Y  C L A Y  L O A M  
Figure 7. 
3 4  5 6 7  8  9  10 
A T M O S P H E R E S  SOI L  M O I S T U R E  T E N S I O N  
Soil moisture in percent available field capacity remaining in soil at in­
dicated atmospheres of soil moisture tension» Solid curve for Colo silty 
clay loam from Denmead and Shaw (19), and dashed curve for 5 mm. aggregate 
Nicollet silt loam from.Tamboli (112). 
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lower tensions in Nicollet silt loam than in Colo silty clay 
loam. For example, half of the available soil moisture (50 
percent AFC) is released by the time the soil moisture tension 
reaches .9 atmosphere on Nicollet and 1.2 atmospheres on Colo. 
It was believed that this indication of more readily available 
moisture on Nicollet than Colo soil would offer greater ac­
curacy in estimating stress occurrences. Denmead and Shaw's 
(19) = f(ETpç) curve was graphically adjusted to Tamboli's 
Nicollet curve. This adjusted "Nicollet ©tl" estimate was 
used in most of the subsequent corn yield-moisture stress 
study. 
Since it was clear from Figure 7 that two soils could 
have the same available field capacity and yet have different 
water release curves, moisture tension curves were run for a 
number of the soil samples taken October 5,.1963. Moisture 
tension curves were drawn from five determinations at l/3, 1, 
2, 4, and 15 atmospheres pressure. The first two pressure 
points were obtained by the pressure cooker method (84) and 
the last three by the pressure membrane (83). 
Experimental Plot Corn Yield Series 
Plot description, management, and fertility treatments 
A four-year rotation experiment was established at the 
Iowa State University Agronomy Farm location in 1915 and has 
continued through 1963. Its purpose has been to evaluate the 
effect of various fertility levels on the yield of corn under 
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the common management methods generally practiced on Iowa 
farms. The rotation is corn-corn-oats-meadow, and the plots 
are located on ranges 1100, 1200, 1300 and 1400 in the ex­
treme northeast corner of section 20. The northernmost plots 
(control plots 00) are about 100 yards south of the Ames Ag­
ronomy Farm weather station. The ranges are oriented north-
south and are 168 feet wide. The plot layout is shown in Fig­
ure 4. Each year an entire range is planted to one of the ro­
tation crops, with the same crop repeated in the same range 
every 4 years. For example, second-year corn was grown in 
range 1400 in 1959, range 1100 in I960, 1200 in 1961 and 1300 
in 1962, followed by oats in the subsequent year. Since 1947 
the range used for second-year corn has been split with corn 
planted in the west half, soybeans in the east half, providing 
a corn-soybeans-oats-meadow rotation on the east half of the 
range. First-year corn ranges were split into corn and soy­
beans from 1942-1945 for a SB-C-O-M rotation. 
Within each range the fertility plots are not random, but 
are systematically arranged. Each plot is 155.6 feet long and 
28 feet wide for an area of l/lO acre. There are 7-feet bor­
ders between plots and 6.2 feet at the ends. After 1947 the 
second-year corn plots were 77.8 feet long and l/20 acre in 
area. Corn rows were oriented east-west with the length of 
the plots. Since treatment of only the check and manure plots 
have remained the same over the period of record, plots 00 
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through 10, counting from north to south, were those considered. 
The fertilizer treatments and identification of these plots 
are described in Table 6 with treatment symbols after Shrader 
(104). 
Table 6. Old Agronomy Farm 4-year rotation experimental plot 
treatments 
Plot Treatment description Designation 
00 Control plot. No. treatment Ck 
01 8 tons of manure per acre ap­
plied once in 4 years on meadow 
for first-year corn 8M 
02 2 tons of manure per acre ap­
plied annually A-2M 
03 8 tons of manure per acre ap­
plied once in 4 years plus 
lime as needed 8M-L 
04 12 tons of manure applied 
once in 4 years plus lime as 
needed 12M-L 
05 Control plot. No treatment Ck 
06 16 tons of manure per acre ap­
plied once in 4 years plus 
lime as needed 16M-L 
07 20 tons of manure per acre ap­
plied once in 4 years plus lime 
as needed 20M-L 
08 8 tons of manure per acre ap­
plied once in 4 years plus lime 
plus rock phosphate applied at 
the rate of 1000 pounds per acre 
every 4 years on first-year corn 8M-L-RP 
09 8 tons of manure per acre ap­
plied once in 4 years plus lime 
as needed 8M-L 
10 Control plot. No treatment Ck 
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All plowing for corn was done in the fall, usually in 
late October or early November, except in 1951 and 1958 when 
the plots were plowed in the spring. Manure was applied in 
the fall and plowed down. Planting was usually in the middle 
of May and harvesting in October. 
Since 1947, the second-year corn ranges are only half 
the width of the first-year corn ranges. Slightly higher 
evaporation or water use might be expected from the narrower 
strip due to a greater oasis effect, especially after the oats 
have been harvested about mid-July in the range immediately 
to the west of second-year corn. The prevailing summer winds 
are southerly along the length of the corn strip,'and the 
half-width ranges are 78 feet wide. For these reasons, the 
oasis effect was not considered significant in this study. 
Two criteria for selection of these plot yield data were 
considered necessary to remove some of the variation in yields 
which could be due to factors other than those studied in this 
thesis. Since residual soil moisture can be considerably dif­
ferent under meadow than corn, only second-year corn yields 
were used. It is also possible that any variation due to dif­
ferences* in available nitrogen content in the farm manure 
treatments applied in the fall on meadow for first-year corn, 
as well as any variable residual effects from the alfalfa 
^Barnyard manure is highly variable in nitrogen content. 
According to A. J. Englehorn the manure used in the 30*s and 
early 40*s probably came from 2 cows and 6 horses at the Ag­
ronomy Farm and after that from variable University farm sources. 
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meadow, would be less on second-year corn than on first. 
Shrader (104) found second-year corn yields to average lower 
than those for first-year corn. 
The second criterion, superimposed on the second-year 
corn yields, was soil type, since soil moisture can be esti­
mated only for well-drained soils or for the plots on Clarion 
or Nicollet soils. Plots 00, along the north edge of the 
ranges, furnished 100 percent Clarion or Nicollet soils and 
accordingly permitted estimation of the "input" rainfall to 
available soil moisture. Tongues of Webster ran into probably 
less than l/4 of west half-plot 1301 but covered about l/2 
of west half-plot 1302 and perhaps 1/3 of west half-plot 1402. 
Plots 01 were considered the only ones with sufficient fertil­
ity and Clarion-Nicollet soils to provide an accurate estimate 
of the weather effect upon corn yields every year. While com­
posed of all Clarion-Nicollet soils, control plots 00 fertil­
ity levels apparently too often limited corn yields. Since 
range 1100 consisted of Clarion or Nicollet southward to plot 
07, there was at least one usable second-year corn yield 
available every four years for plots 00-06. Plot 1107 was 
about half Webster, and plots 1108-10 consisted wholly of Web­
ster soils. Yield data for plots 07 (highest fertility plot) 
and plots 10 (control) were carried with the soil moisture es­
timable plots for comparison purposes. 
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Corn variety yield differences 
While the weather data have been consistently and objec­
tively measured in the same location just 100 yards north of 
the 4-year rotation plots over the 30-year period, the hetero­
geneity of the corn yield data series offers a fearsome chal­
lenge to homogenizing the yields for further study. 
The purpose of the 4-year rotation experiment from the 
date of its establishment in 1917 has been to evaluate rota­
tion and fertility treatments using those farming practices 
and corn varieties most Iowa farmers were using. Hybrid corn 
varieties used in the rotation experiment fortunately were 
changed only slowly and followed, rather than led, public ac­
ceptance. Even then, there were probably 7 different hybrids 
and 2 open pollinated varieties used in the 30-year period 
1933-1962. Table 7 lists these varieties, pedigrees, and the 
period in which they were grown. Changes in hybrids were along 
similar pfdigree lines from year to year, but there were no 
pedigrees common to those in Iowa 4570 before 1942. 
It seems reasonable to assume that the primary reason 
for changing hybrids, whether experimentally or in practical 
farm operation, is for better "crib corn" yield potential. 
Each subsequent variety should be a little higher yielding 
than the former. 
The sources of data used to estimate the yield corrections 
were the series of Iowa Corn Yield Test Bulletins (45) and the 
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Table 7. Corn varieties and years planted at the Ames Agron­
omy Farm 4-year rotation plots with estimated yield 
differences between indicated variety and Iowa 4570 
Corn variety3 
planted 
Period Average increase Bushels to be 
in yield between added to yields 
listed hybrid in indicated 
over next lower periods for 
identified hybrid, equivalent Iowa 
bushels per acre 4570 yield 
Iowa 4570 
" 4298 
" 306 
» 939 
"Double-Double Hybrid" 
h n ii 
Iowa 939 x US 13 
Mixture 11 hybrids 
Iowa 942 
(open pollinated) 
Murphy strain (open 
pollinated) 
1957-62 
1951-56 
1942-50 
1940-41 
1939 
1938 
1937 
1936 
1935 
1934 
1933 
+3.4 
+2.4 
+1.2 
+2.0 (over 
Iowa 942) 
+8.2 
0 
+3.4 
+5.8 
+7.0 
+7.0 
+7.0 
+7.0 
+9.0 
+9.0 
+17.2 
+17.2 
Pedigrees: Iowa 4570 (B14 x WF9)(187-2 x M14) 
4298 (0s420 x 187-2)(WF-9 x M14) 
306 (L289 x 1205)(WF9 x Os426) 
939 (L289 x I205)(0s420 x 0s426) 
942 (1234 x L289)(0s420 x 0s426) 
tf 
it 
ii 
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cooperative U.S. Department of Agriculture-Iowa Agricultural 
Experiment Station Annual Report of Corn Breeding Investiga­
tions (121). Both of these series of double-cross hybrid 
field trials were from statistically randomized and repli­
cated experiments in which perhaps 50-100 varieties were grown 
in the same test field in each of several districts in Iowa. 
Unfortunately, the listed varieties grown at the Agronomy Farm 
were not tested as much in the South Central District (usually 
Story or Boone County) as they were in the North Central Dis­
trict (Wright County). Also, there was no single standard or 
base variety grown throughout the 30-year period. Any corn 
yield correction had to be synthesized from overlapping 
"paired comparisons" between the two varieties which were 
replicated in the same fields the same years. Stand has some 
effect on yield, and another restriction placed on the paired 
comparisons was that the difference between percent stands for 
the varieties compared should not be greater than 5 percent. 
With this restriction, and pooling the Wright and Story County 
experimental data, there were 17 comparisons between open 
pollinated varieties and Iowa Hybrid 942, 20 for Iowa 942 and 
939, only 7 for Iowa 939 and 306, 14 for Iowa 306 and 4298, and 
16 for Iowa 4298 and 4570. Since the varieties used in the 
Agronomy Farm 4-year rotation experiment for the years 1934, 
1936, 1938 and 1939 were not defined, the Iowa 939 correction 
was arbitrarily used for the yields in years 1937-41, the Iowa 
942 correction for 1935 and 1936, and an average open pollinated 
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correction for 1933 and 1934. 
Scatter diagrams were first prepared for each comparison. 
The relation between yields for Iowa 942 and average open 
pollinated varieties showed the highest correlation of any com­
parison, but the regression coefficient did not test signifi­
cantly different from 1. Therefore, differences between com­
mon period yield means were used to synthesize the "homogeneous" 
hybrid Iowa 4570 yield series. These individual differences 
and the accumulated corrections to be added to the yield series 
are shown in Table 7. Although it is quite possible that there 
are varietal-weather interactions, scatter diagrams of yield 
differences between varieties for each year on preliminary 
moisture stress variables showed no consistent pattern. The 
30 years of yield data adjusted to Iowa 4570 equivalents are 
shown in Appendix Table 26 . 
Since the variance of the differences between two means 
is twice the common variance, it is realized that these adjusted 
yields are subject to extremely large confidence limits. At 
the same time it is also obvious that yield differences in the 
vicinity of 10-20 bushels might well conceal any subtle 
weather effect. It is believed that the use of the synthesized 
yield series is a lesser evil than using the uncorrected yields 
and thereby failing to recognize plant breeding progress. 
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Stand consideration 
From the literature studied, it seemed that leaf area, not 
population, is best correlated with final yield. Leaf area 
measurements, however, have not been made for the 4-year ro­
tation experiment. The only plant measurement available, be­
sides final yield, was stand, or the number of corn plants per 
unit area. While perhaps an inadequate measure of leaf area, 
stand has to be considered in any study of environmental ef­
fect upon plot corn yields, especially if the period studied 
spans different planting technologies as this one does. On 
plot 01, for example, the stalk count ranged from a low of 
483 stalks on the tenth-acre plot in 1935 to 1859 stalks in 
1961, the latter stand almost four times that of 1935. Pre­
liminary analyses of the data strongly indicated the need for 
stand correction, and Figure 8 shows the general linear rela­
tion of stand on yield. The solid circles indicate those years 
with generally favorable weather and the hollow circles the un­
favorable years. 
Besides depending upon the actual number of kernels 
planted, stands are affected by any one, or all, of a number 
of factors, such as: percent germination and emergence, dis­
eased or damaged kernels, rodents, birds, insects, and mech­
anical planting and cultivation errors as well as some attri­
tion from unfavorable weather through the season. An actual 
count of the stalks before harvesting integrates any and all 
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Figure 8. Agronomy Farm 4-year rotation plot 01 and 00 corn yields on stand, 1933-1962. 
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effects whether they be genetic, environmental, or cultural. 
It is assumed that stand has been established by the beginning 
of the period under study in this thesis. Stand was consider­
ed as an independent variable in a multiple regression on 
yield, both by itself and in an interaction term with the * 
weather variable. 
Unfortunately, however, the stand count was not available 
for the entire 30-year period of record. Stalk counts were 
recorded both early and late in the record, but from 1939 
through .1952 only the number of hills were recorded. Conse­
quently, to obtain the stalk count for this period, the av­
erage number of stalks per hill had to be estimated. Throughout 
this period, and in fact from the beginning of the 4-year ro­
tation experiments in 1915 through 1952, the corn was planted 
in checked hills 42 inches apart and 42 inches between rows, 
with three kernels per hill in all years except 1948 and 1949. 
It is primarily the stalks per hill which control stand. A 
missing hill would lower the stand only 3 stalks, but an av­
erage of one less stalk per hill would lower the stand 3,520 
stalks per acre. 
On the assumption that the number of hills is controlled 
more by mechanical planting and cultivating operations, ro­
dents, and birds; and the number of stalks per hill more by 
environment, viability, and disease ; weather might be expected 
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to be a predictor for the average number of stalks per hill. 
Preliminary work, comparing the average stalks per hill with 
mean air temperature (soil temperatures not available until 
the planting season of 1938), number of days with zero avail­
able soil moisture in the top 6 inches, and number of days 
with the top 6 inches at field capacity--both cases believed 
to be detrimental—indicated no consistent pattern worth pur­
suing further. 
Since environmental conditions which affect the stand 
should also be reflected in average stand counts from other 
experiments in the area, the average percent stand for the 
varieties tested in the Iowa Corn Yield Test (45) for the 
Ames area was also tested as a predictor. ICYT fields were 
planted in the same geometry as the 4-year rotation experi­
ment through 1952—checked hills 42 inches x 42 inches apart 
with 3 kernels per hill, The ICYT plots were hand planted to 
insure exactly 3 kernels per hill for realistic yield compari­
sons between varieties. The 4-year rotation plots were planted 
with horse drawn and tractor-mounted mechanical corn planters 
in accordance with standard Iowa farming practices. The per­
cent stand is based upon all kernels planted--3 plants per 
hill, 3,520 hills per acre, 10,560 plants per acre as 100 per­
cent. After 1952, the planting practice at the Ames Agronomy 
Farm was changed to 3 kernels per hill, hills 26 inches apart, 
rows 42 inches apart for a 100 percent stand of 5,760 hills or 
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17,280 plants per acre. 
Percent stand for individual corn varieties and the av­
erage for all varieties tested are published in the Iowa Corn 
Yield Test Bulletins (45) for each 'je ar from 1928 through 1957. 
Thus stand percentages overlapping those of tfye 4-year Agrono­
my Farm rotation experiment were available for comparison in 
the periods 1928-38 and 1953-57. Scatter diagrams showed no 
relation, seemingly relegating environment either to a minor 
or complex role in stand establishment. The average percent 
stands on the 4-year rotation plots showed considerably more 
variation than those of the icyt plots. The 4-year rotation 
plot stands averaged 70 percent against the ICYT average of 84 
for the 1928-38 period. The ICYT average in the second avail­
able common stand record period, 1953-57, was 85 percent while 
that for the 4-year rotation plots had increased to 79 percent. 
Since this latter 5-year period involved different planting 
methods from those used during the missing stalk count period, 
it was decided to base the stand estimates on the average of 
2.2 stalks per hill established on the 4-year rotation plots 
under the checked corn planting method from 1922-1938. This 
average was then multiplied by the number of hills per plot 
to obtain the stand estimates with the following exceptions. 
1949: The record indicated 4 kernels were planted per 
hill with the stand thinned to 3 plants. Since previous work 
(Hughes et al., 42) indicated an average of 3.0 plants per 
hill at harvest (with no thinning) and since a plant was re­
moved from any hill with four plants, the average could not 
be greater than 3. Therefore an average of 2.9 stalks per 
hill was arbitrarily assigned to all plots in 1949. 
1948i The stand was so poor that "missing hills were 
replanted 5/24...and thinned to 3 stalks per hill 6/7". 
Other than what might be inferred from "thinned", the record 
does not indicate that 4 kernels were planted per hill. Ac­
cording to A. J. Bnglehorn of the Agronomy Department, Iowa 
State University of Science and Technology, Ames, Iowa, in 1963, 
3 kernels were planted in all years unless indicated. On the 
assumption that only the missing hills (unknown number) wers 
planted at a higher rate to insure a stand at this late date, 
an average stalk count of 2.6 was assigned to 1948, midway be­
tween the 2.9 of 1949 and the average of 2.2. 
1942-47 and 1950: When yield adjustments were made for 
corn varieties, the least number of "qualified comparisons" 
was found between Iowa 306 and 4298 and Iowa 939 and 306 due 
to the requirement that stands be within 5 percent for the hy­
brids being compared. Iowa 306 almost always exhibited a 
lower stand in Story County. For example, out of 23 ICYT 
(45) and Iowa Corn Breeding Investigation (121) field trials 
between Iowa 939 and 306 in Story and Wright Counties, only 
7 were within 5 percent, and Iowa 306 stands were lower in 18 
field trial years. For all years, Iowa 306 stands averaged 6.5 
percent less in Story County and 5.0 percent less in Wright 
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County. There were only two years of comparisons between Iowa 
306 and 4298 in Story County; 306 stands in 1949 and 1950 
were 5 and 7 percent lower, respectively. In 23 field trial-
years in Wright County, the Iowa 306 stands averaged 4.0 
percent less than that for 4298. The average percent stand 
for all varieties tested in the ICYT for each year and the 
ICYT percent stand of those varieties used in the 4-year ro­
tation experiment were compared. None of the individual 
varieties in the ICYT showed any consistent departure from 
the overall variety percent stand average, except Iowa 306. 
The Iowa 306 ICYT stands were consistently lower than the 
overall average in all 7 years (1942, 1945-50) in which the 
variety was tested. The average Iowa 306 stand difference 
from the all-variety average of 80.7 percent in this 7-year 
period was 5.8 percent. Consequently, the 2.2 stalks per hill 
average was decreased by the ratio 5.8/80.7 = 0.07 or to 2.0 
stalks for the period in which Iowa 306 was grown: 1942 
through 1950 less 1948 and 1949. 
Appendix Table 27 provides the recorded or estimated 
stalk counts for each plot-year which have been used in this 
thesis. 
Yield sampling method 
Different methods of yield sampling and stand count 
introduce some difficulty in yield comparisons between years 
and probably contribute to the upward yield trend since 1953. 
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Until 1953, the harvested yield and stand count (or missing 
hill count) were based on the entire l/lO acre plots. To save 
labor, in 1953 only 40 hills were sampled. In subsequent years 
64 hills were sampled, except in 1962 when only 32 hills were 
sampled. The sampling method generally consisted of starting 
a few hills within the plot and harvesting 32 consecutive hills 
from the two center rows in each plot. If there were a missing 
hill or hills the harvesting would continue until 32 hills in 
each of the 2 middle rows or 64 hills, actually had been har­
vested. "*• The stand count was based on the hills harvested and 
therefore did not include any "zeros" or missing hills. When 
this 64-hill sample is expanded to an acre basis it is biased up­
ward in as much as it reflects an "ersatz no-missing-hill" acre. 
While it is impossible to correct for this bias in the 
yield series without knowing the actual number of missing hills 
(if any) which had to be passed over to obtain the 64-hill 
sample each year, the bias can be estimated for a specified 
number of missing hills to indicate that it can be appreciable. 
For example, assuming an emergence of 80 percent of the num­
ber of kernels planted (which is about the average stand in 
the 5-year period 1953-1957), the average number of stalks 
1Englehorn, A. J., Ames, Iowa. Corn yield and stand 
sampling method. Private communication. 1963. 
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per hill would be 2.4.1 If there were one missing hill within 
the 64-hill sample, i.e., the sample consisted of 65 consecu­
tive hills and this was representative of the number of miss­
ing hills per acre, the upward bias would be 
5jt7.6,Q.(^ills/acre) x 2.4 = 90 x 2.4 = 216 stalks. 
64 (hills sampled) 
Assuming a 1/2 lb. ear per stalk this would be 108 lbs. of 
corn or 108/56 = 1.9 bushels upward bias. Similarly 2 missing 
hills would require a 66-hill sample and provide an upward 
bias of 3.9 bushels, 3 missing hills, 5.8 bushels, and 4 
missing hills, 7.7 bushels when expressed on an acre basis. 
Since the actual probability of a missing hill is about .008 
based on the binominal distribution and an assumed stand per­
centage of 80, the average number of missing hills in the 64-
hill sample is about .008 x 64 = .5, or about 1 in two years. 
While this indicates an average upward bias on the order of 1 
bushel per acre since 1953, individual years would depart 
from this average since either there is a missing hill(s) 
and bias or there is no missing hill(s) and no bias. 
^Assuming an emergence or stand percentage of 80 and a 
binomial distribution: 
P (all 3 kernels planted in a hill emerging)=(;j) ,83=.512 
P (2 kernels in hill emerging)= (|) (.g)2 (.2) = .384 
P (only 1 kernel in hill emerging}» (|) (.8)(.2)2= .096 
P (0 kernels emerging) = (^) (.2)3 = .008. 
Thus in a 64-hill sample one would expect to find about 33 3-
stalk hills, 25 2-stalk hills, 6 1-stalk hills, and a missing 
hill about once in two years. Similarly the average number of 
stalks per hill = E(X) = Z(X)f(X) = 3(.512)+2(.384)+l(.096)=2.4. 
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One can reason that the years with lower stands would 
have a greater probability of missing hills. For example, 
for a stand of 70 percent (1956), the probability of a miss­
ing hill would be about .027 with an estimate of 1.7 or 2 
missing hills in the 64-hill sample, giving an upward yield 
bias of perhaps 4 bushels. Since the actual number of miss­
ing hills in a single plot sample would most probably be quite 
different from that estimated, this correction was not be­
lieved warranted, and the yield and stand figures were used 
as previously described. 
Phenology 
For most meaningful environmental-yield relations the 
environmental conditions should be studied for periods in 
which the crop is growing—those in which the environment can 
reasonably have some direct effect upon the crop. Therefore, 
if calendar monthly period weather data are used, the months 
June, July and August might be expected to exhibit the highest 
correlation with yield. These are the months used by Thomp­
son (116). If it is suspected that weather might have more 
effect upon corn yield at certain stages of its growth and 
development than at others, the environmental conditions should 
be studied with relation to the corn calendar. Most literature 
proposes that it is the weather just before and after silking 
(20, 64, 86, 87) which is most critical in determining the 
final corn yield, although some have proposed other periods 
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(15, 37). To study the effect on final yield of moisture 
stress on the corn plant at different stages in its growth 
and development, it was necessary to use the corn phenologi-
cal calendar (39). 
The only phenological data recorded at the Agronomy Farm 
for the 4-year rotation plots were the planting dates. Un­
fortunately, the time from planting to emergence is variable 
(Newhall 69). Shaw and Thorn (100) showed that the interval 
from emerging to tasseling was extremely variable between 
varieties and between years. On the other hand, they found 
that the period from silking to maturity (defined as the time 
of reaching maximum dry weight) was practically constant at 
50, 51 and 52 days for early, medium and late maturing varie­
ties of corn, respectively (99). Therefore, if it is the 
period near silking which is most critical, it was reasonable 
that date of silking would be an excellent base to anchor the 
phenological periods within which the moisture stress vari­
ables could be integrated. This would result in practically 
no variation in phenological weeks after silking and a few 
weeks before silking. The "phenological registration" be­
comes less precise with increasing number of weeks before 
silking. 
Fortunately, with the impetus given by Charles Reed, the 
Iowa Department of Agriculture, in cooperation with the U.S. 
Weather Bureau, began a remarkable series of corn phenologi-
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cal data on a statewide basis in 1921. This record is unique 
in the United States, both as to the information obtained 
each year and the length of period over which these reports 
have been collected. Iowa farmers were solicited who would 
report on the progress of their corn, generally on their "main" 
or largest field. From 1921 through 1960 nearly every county . 
was represented by at least one and, more often, by several 
reports. In each case, the farmer reported the date of plant­
ing, the date of first silking, date by which 75 percent of 
the corn was silked, and the date on which the corn was judged 
safe from "frost". In the case that corn did not escape 
freeze damage, the date of the freeze and the estimated percent 
damaged were reported. The date on which 75 percent of the 
field emerged was included in the questionnaire by H. C. S. 
Thorn in 1946, with emergence data available from 1946 through 
1960. 
From 1921-25 the farmer's reports were averaged and re­
corded as county dates. From 1926-60 each individual pheno­
logical report has been listed, together with the name and 
address of the farm reporter. The phenological data for the 
period 1926-60 have been placed on punched cards. Average 
dates of planting, 75 percent emergence (since 1946), first 
silk, 75 percent silk, and "safe from frost" were computed for 
counties, districts, and the state for each year (44). 
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the corn at the Agronomy Farm experimental plots. It is 
realized that some of the advantage of the crop calendar is 
lost by this lack of precision, but it is believed that the 
state average silking dates are fairly conservative and in­
troduce less error into the determination of the phenological 
periods than would use of the experimental plot planting 
dates. There is much less variation in 75 percent silked 
dates over the state within years than between years. 
A comparison of the 15 years (1946-60) of overlapping 
record between the WB and the SRS phenological surveys indi­
cated that the WB state average date of "tnain"field 75 percent 
silked was just less, if not equivalent to, the SRS date of 
50 percent of the acreage silked. Thus, in 1961, 1962, and 
1963 the "75.percent date of silking" was obtained from plot­
ting on normal probability paper reports of acreage silked 
from the Weekly Weather and Crop Reports (47) and reading off 
the 50 percent da„te. 
The earliest average state 75 percent silking date was 
July 22 in 1939, and the latest was August 12 in 1945, a "soft-
corn" year. One might expect less variation about the average 
silking date in recent years due to improved mechanization and 
perhaps more uniform hybrid silking, and that the phenological 
consideration is of decreasing importance. Figure 9 indicated 
little evidence of trend in either date of planting or silk­
ing. There is still considerable difference in crop progress 
between years. 
Figure 9. Iowa state average dates of 75 percent corn silking in "main fields", 
1926-1960, Upper curve. U.S. Department of Agriculture, Statistical 
Reporting Service dates of 50 percent of state corn acreage silked 
1961-1963. Iowa State average dates of planting in "main fields" 
1926-1960, lower curve. USDA, SRS dates of 50 percent of state corn 
acreage planted 1961-1963. 
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Weather and Corn Yield Study 
Selection of weather stress variables and critical period 
of corn growth 
The search and selection for an appropriate weather 
variable and the period over which.it should be considered 
for best correlation with corn yield involved much iterative 
empirical work. The first weather variable selected, suggested 
by the work of Denmead and Shaw (19), was the number of mois­
ture stress days during the period of corn growth and develop­
ment. 
The stress days were computed as those days on which the 
ETpC, expressed as the percent available soil moisture (©tl) 
necessary to prevent the plant from losing turgor, was above 
the percent available soil moisture estimated (or measured) 
within the root zone. Conversely, a non-stress day was one 
in which the percent available soil moisture within the root 
zone was equal to or greater than The estimates of BTpc 
for each day were expressed in terms of percent available soil 
moisture by means of the relation 9^L = f(BTpC). This func­
tional relation, obtained experimentally by Denmead and Shaw 
on Colo silty clay loam, is shown in Figure 10. A modification 
is also shown for Nicollet silt loam because of differences 
between the moisture extraction pressure curves for Colo and 
Nicollet soils. Most of the preliminary work used the Colo 
curve directly and showed little difference in the estimated 
Figure 10. Estimated percent available field capacity in the corn root zone at 
the turgor loss point, ©tl, as a function of the évapotranspiration 
at field capacity. * Solid curve is from Denmead and Shaw (19), and 
dashed curve is adjusted to 5 mm. aggregate Nicollet silt loam by 
soil moisture tension curve in Figure 7. 
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number of strëss days or resulting corn yield correlations 
from those using the curve adapted to Nicollet. 
The Nicollet 8%% - F(BTpc) curve was used to estimate 
0-jL from ETpc- This turgor loss soil moisture percentage, 
©rp^, was then compared against the percent available moisture 
in the corn root zone or in the top foot of soil profile, 
whichever was greater. If the percent available soil moisture 
in both the entire root zone and the top foot were less than 
©TL» the day was classified as one of stress, with resulting 
decreased transpiration and little or no growth. If soil 
moisture either in the entire root zone or the top foot was 
equal to or greater than the day was classified as non-
stress. 
The consideration of the moisture in the top foot when 
its moisture content was higher than the average for the entire 
root zone was suggested by the work of Voss (132), who found 
this alternative improved his soil moisture-yield relations. 
Since approximately 60 percent of the moisture extraction is 
from the top foot of soil profile (94), it seems reasonable 
that even though average soil moisture in the profile may be 
below ©XL» the plant will be under no stress if a recent rain 
has brought the top foot to, or above, ©TL* Under this hy­
pothesis, corn can grow in a dry profile if there are timely 
rains keeping only the top foot sufficiently moist, a condition 
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sometimes observed. While this consideration made little 
difference at Ames, a later check of the method at Castana 
showed that this alternate use of the top foot moisture de­
creased the estimated number of stress days in 1956 from 59 
to 36 in the 63-day period from 6 weeks before silking to 3 
weeks after. 
To study the feasibility of "stress days" in estimating 
corn yield and to compare the efficiency of other weather 
variables as yield estimators against that of stress or non-
stress days, it was necessary to select a period within which 
to integrate the various weather variables. Stand was used as 
a phenological "independent" variable in multiple regression 
analysis to reflect the early weather effects upon the corn 
crop. Weather measurements were considered only in the later 
more critical stages of growth and development. Since the 
literature furnished no conclusive evidence or agreement upon 
any one specific critical period in corn growth and develop­
ment—unless it be near date of silking--the dry weight ac­
cumulation curve was used as the first approximation of the 
period in which final corn yield might most likely be affected 
by weather conditions. 
Hanway (37) found a linear dry weight increase from about 
4 weeks before silking to 6 weeks after silking. It was as­
sumed that there would be little to no lag with the stress 
day concept, and that a stress or non-stress day occurring 
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anywhere in this period would be equally and accumulatively 
effective in determining yields. Thus the 10-week period 
from four weeks before silking to six weeks after, designated 
as 4B-6A, was the first period for which the number of stress 
days was correlated against plot yields. The period was gradu­
ally shifted earlier, and slightly higher correlations were 
found for the period 6B-3A. Simple correlation coefficients 
of yield with weekly, or 3-weekly moving, totals for several 
weather variables were calculated and plotted by phenological 
weeks from 7 weeks before to 6 weeks after silking. 
Using the period 6B-3A and the 9-year period, 1954-62, 
a number of different weather stress variables were examined 
for highest correlations with yields. A number of these with 
the reasons for their selection are described as follows: 
Q/Qipj : In the computer program this ratio is used to facili­
tate counting stress days. A ratio less than 1.00 designates 
a stress day. The original 6^ curve was based on water loss 
from a hill of corn consisting of 4 stalks in a 2O-gallon con­
tainer. This restricted the roots to approximately 1/6 the 
area and less than l/2 the depth found under natural conditions, 
as well as including one more plant and therefore more root 
competition than found in the plots for which yield estimates 
were made. It is possible that the experimentally sharply 
"^0 = measured or estimated percent soil moisture avail­
able in entire corn root zone or top foot, whichever is greater. 
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defined turgor loss points might be more gradual under field 
conditions. Errors in the soil moisture and atmospheric demand 
computations without doubt cause errors in classification of 
stress days. Therefore a summation of the daily stress ratios 
was used as a variable to provide a "continuous" stress measure­
ment. This was improved by providing a daily upper cut-off at 
a ratio of 2.0. Ratios beyond 2.0 usually occurred under low 
atmospheric stress or on cloudy days. It was reasoned that 
the growth could not be proportional with large daily ratios; 
for example, daily ratios were additive up to 2.0 with any 
ratios above 2*0 added as 2.0. The use of this ratio infers 
that the stress effect and cessation of growth is a gradual 
linear one with no sharp turgor loss point. 
9/Qrç (solar radiation): The stress day or ratio variable is 
non-dimensional and reflects only the moisture stress condition. 
A non-stress day may be comprised of a cloudy day with low 
temperature and high humidities in conjunction with low soil 
moisture, or it may be a hot, sunny day with soil moisture near 
field capacity and quite different growing conditions. There­
fore, another variable studied was the stress ratio multiplied 
by the solar radiation on each day and summed over the 9-week 
period. This would tend to give more weight to high energy 
days than low energy days. 
Solar radiation on a horizontal surface was measured by 
an Bppley pyrheliometer on top the Agronomy Building at Iowa 
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State University, approximately 2.5 miles north of the Agronomy 
Farm from 1954 through 1963. Periods of missing record were 
estimated from the Sandoval and Shaw (91) nomogram and Des 
Moines percent possible sunshine (125). 
ET/BTPP,: Actual corn ET divided by BT at field capacity (or 
potential BT) is a variable intermediate between the stress 
day and the ratio concepts. Use of this variable assumes that 
the yield would be proportional to the relative transpiration, 
which is in turn dependent on a curvilinear relation between 
soil moisture and atmospheric demand. These ratios range be­
tween 1.0 and 0. Non-stress days add as 1.0. 
BT/BTpr (solar radiation); As with the 9/8%%, non-dimensional 
variable, BT/ETfç; provides no discrimination between low and 
high energy days. This statistic was intended to combine the 
stress and energy measures into one variable. 
Solar radiation on non-stress days: This variable was included 
on the assumption that there is no growth when the plant has 
lost turgor, and on non-stress days the growth increment is a 
linear function of the total radiation. A fairly constant al­
bedo or conservative relation with net radiation is an inherent 
assumption in the use of this variable» 
BT on non-stress days: BT^SD was selected on the assumption--
well justified in the literature—that the net radiation inter­
cepted by the crop canopy is proportional to the transpiration 
or, for practical purposes, BT. 
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Evaporation on non-stress days s Reasoning for the use of this 
variable is similar to that for BT. Evaporation furnishes a 
uniform measure of the solar energy transformed into latent 
heat over the corn season, rather than one correlated with the 
seasonal increase of leaf area. 
Phenological period precipitation; The 6B-3A precipitation 
total was compared both as a check on earlier work (15) and 
as a base to compare the above variables as predictors. The 
estimation of daily soil moisture and the resulting stress day 
variables involves considerable time and error. Precipitation 
is much more easily and accurately measured, and should its 
yield predicting accuracy approach that of the stress day vari­
ables, it would be logical to use precipitation in lieu of the 
more sophisticated variates. 
Application; Old Agronomy Farm» Ames, Iowa 
The only plots on all ranges having predominantly Clarion 
or Nicollet soils, for which the moisture stress variable could 
be estimated, were Plots 00, 01 and 02. The complete 30 years 
of record were usable for these three plots. There were only 
7 "usable" years for Plots 05 and 06, i.e., these plots had 
Clarion or Nicollet soils only in Range 1100, which was planted 
to second-year corn every fourth year. In the 30-year period 
there were only 15 "usable" years for plots 03 and 04, and 14 
years for plot 07. Plot 07 consisted of about half Webster 
soil in both ranges 1100 and 1400, but was carried for compari­
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son purposes as the highest fertility plot. 
The more common biological response curves were compared 
on the basis of correlations between the 30 years of plot 01 
corn yields and either nsd or ETnSD variables summed over the 
period 6B-3A, in order to select the most appropriate function 
for the weather and corn yield study. 
Stand was used as an independent phenological variable to 
reflect the integrated management and environmental potential 
up to week 6B, even though stand was not counted until just 
before harvest. It is apparent from Table 8 that stand in the 
last 10-year period, 1953-62, has doubled over that in the 
earlier period of stalk counts. Without considering the 
weather, stand might be assumed to account for the l/3 increase 
in Plot 01 corn yield. Weather, however, has also "doubled" 
and thus is confounded with the stand increase. 
Table 8. Comparison of average weather, stands and corn yields 
on Agronomy Farm 4-year rotation plot 01 for two 
periods of recorded stalk counts 
Period of meas­
ured stalk counts 
Av. stand 
stalks/acre 
Av. corn yield 
bu./acre 
nsd 
6B-3A 
etnsd 
6B-3A 
inches 
1933-38 7,200 64.7 22.0 3.21 
1953-62 14,670 93.8 42.9 6.26 
Standard multiple regression methods (105) utilizing the 
theory of least squares were used to compare the effects of 
weather and stand on the experimental plot corn yields. 
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All multiple regressions reported in this thesis were 
computed in the Iowa State University Computation Center on 
the IBM 7074 computer. All computations were under the super­
vision of Mrs. Mary Clem. The primary regression model included 
the linear and quadratic terras for both the weather and stand 
variables, and their linear interaction. Several other models 
were tested in order to decrease the number of degrees of free­
dom used in fitting the regressions. This was especially neces­
sary in estimating the weather-stand-yield relations on plots 
05 and 06 for which there were only 7 years of data. 
A linear trend term was included in the regression model 
should the loss (or gain) in fertility be sufficiently great 
to affect the weather-stand-yield relations, especially on the 
low fertility control plots. 
Plot 01 yields were used as a "bench mark" or reference 
from which it was hoped other plot yields could be adjusted 
to 30 years, on the assumption that the available years repre­
sented a random sample of the weather and stand effects upon 
corn yield. Regressions using 6B-3A NSD were computed for all 
8 plots, 00-07, for 7 years, or every 4th year beginning with 
1936 and ending with 1960; for plots 01, 03, and 04 for the 15-
year period, 1933, 1936-37, 1960-61; and for plots 01 
and 07 for the 14 years 1935-36, 1939-40, ,1959-60. Re­
gressions were computed for 30 years for plots 00, 01, 02, and 
for comparison, plot 10 (Webster soil in all ranges). 
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As a Check upon the stability of the partial regression 
coefficients, particularly those of trend and weather, the 30-
year period was split into two more homogeneous stand level 
periods: the 20-year period, 1933-52, and the 10-year period, 
1953-62. Regressions were computed for all three periods, 10, 
20, and 30, using alternately as the weather variable NSD, 
ETNSD and precipitation for the periods 6B-3A and 5B-5A. 
The efficiency of the moisture stress concept in esti­
mating corn yield was compared against simpler methods of weather 
consideration. Monthly average temperature and precipitation 
are readily accessible from published Climatological Data (122), 
require no knowledge of the corn silking date, and provide 
another comparison of "skill" in measuring the weather effects 
with the various stress variables. Thompson (116) has shown 
that a multiple regression model utilizing pre-season precipi­
tation (September through May), the monthly average temperatures 
and total precipitation for June, July, and August, together 
with their interactions, has been associated with 0.96 of the 
variance in the average Iowa corn yield series from 1930 to 
1962. Thompson1s model was used to estimate the Plot 01 corn 
yield with the modification that stand was also included, for 
a total of 19 variables. 
Application: Western Iowa Experimental Farm blots, Castana 
The number of non-stress days were computed for the 9 
years of record at the Castana Western Iowa Experimental Farm 
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for the period 1954-62. Both evaporation pan and soil moisture 
measurements were begun at Castana in 1954. Castana is in west 
central Iowa and has a drier climate than Ames. The average 
rainfall is less than 28 inches as compared to slightly over 
31 inches at Ames. 
The weather station is shown in Figure 11 with the 4-year 
rotation plots on the horizon, about 400 yards southeast of 
the weather station. The country is hilly and the experimental 
plots are well-drained with a slope of about 15 percent to the 
west. If there is any major problem in soil moisture budget­
ing, it is in estimating the amount of runoff from rainfall; 
there may also be a question of how well the evaporation 
measurements on a south slope represent the évapotranspiration 
from the 4-year rotation plots on a west slope. 
The experimental plots are randomized and replicated once, 
offering a more stable yield series than the non-replicated, 
non-randomized, 4-year rotation plots at Ames. The Ida soils 
are very low in phosphorus, and thus the control plot provided 
very low yields. The highest control plot yield was 20 bushels 
per acre in I960. Shrader^ suggested that the Castana fertility 
treatment most comparable to the Ames 4-year rotation plot 01 
(8M) was one receiving 8 tons of manure applied once each four 
years with phosphate (8 MP) as needed in the 4-year rotation, 
CCOM. 
^Shrader, William D. Ames, Iowa. Relative soil fertility. 
Private communication. 1963. 
Figure 11. Weather station at Western Iowa Experimental Farm, Castana. The 
evaporation pan and standard 8-inch rain gage are at the right 
within the enclosure. The observer and farm supervisor, Mr. 
Dale Winger, is at the left. View looking east-southeast with 
4-year rotation plots on the far ridge, center. 
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The Ida soils are of loess origin, and the top five feet 
of profile holds about 12 inches of available water at field 
capacity, 3 inches more than assumed for the Clarion and 
Nicollet soils. The daily moisture estimates were made man­
ually (before computer program) and were both started from, 
and adjusted to, the periodic soil moisture measurements made 
at Castana as a part of the Iowa survey. A soil moisture 
tension curve was not available for the Ida soil and the ©xl 
curve for Colo silty clay loam (Figure 10) was used to estimate 
the NSD at Castana. 
The 9-year record was believed too short to include 
trend in the weather-stand-yield regression model. Only the 
NSD weather variable was used, but it was integrated over two 
periods, 6B-3A and 5B-5A. 
Application: Story County, Central Crop Reporting District, 
and state 
To test the validity of the NSD method under more general 
application, the NSD series for Ames was used to estimate av­
erage corn yields for Story County, the Central Crop Reporting 
District, and the state for the 30-year period, 1933-62. The 
fallacy of using a single weather station to measure weather 
over such large areas is fully realized. Application of Ames 
weather data to Story County is reasonable, but extension to 
the Central Crop Reporting District and state was included 
only to partially assess the possible potential of an average 
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area NSD based on several stations. 
Since the average state silking date was used as an esti­
mate of the corn progress on the experimental plots, the inde­
pendent weather variables were already directly applicable to 
the three larger areas. The average stand variable would be 
difficult, if not impossible, to estimate in each case, and was 
considered in trend, which also included all other management 
and environmental interactions. The variables in the model 
were years, weather, and weather^. Weather variables tested 
were NSD, ET^gg, and precipitation for 6B-3A and NSD for 5B-5A. 
It was assumed that the yield trend was linear. This as­
sumption may be subject to more question than in the experi­
mental field plots where, except for the gradual fertility de­
crease, it was believed most large "continuous" sources of 
variation were removed. It is extremely difficult, to justify 
the use of any higher degree polynomial for removing trend. 
Published corn yields on a county, division, and state 
basis were available from the Iowa Assessors* Annual Farm 
Census (46). No discussion of the reliability of these average 
corn yield estimates is included here except to recognize that 
they are the best estimates available. 
The rapid introduction of hybrids in Iowa from 1936 to 
1940 created a sharp rise in the otherwise gradual upward yield 
trend in Story County. The Story County yields from 1933 
through 1940 were converted to their hybrid equivalents by 
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means of the regression equations of hybrid on open-pollinated 
yields as computed by Barger (1) for the Central District: 
= 8.97 + .96 YQp. It was interesting to note that this was 
approximately the same yield increase found specifically for 
Iowa 942 over the average of open pollinated varieties, i.e., 
+ 8.2 bushels per acre. The remainder of the Story County 
yield series, 1941-62, was used directly, and includes improve­
ment in hybrids; as well as stand-fertility effects, in trend. 
The Central District average corn yields were adjusted to 
their hybrid equivalents prior to 1941, using the same Central 
District equation. 
The equations to convert open-pollinated to hybrid corn 
yields differed between districts. The state yields were not 
adjusted for hybrids prior to 1941. This hybrid effect was 
then confounded with all other unmeasured factors in trend. 
The average Story County, Central District, and state corn 
yields were also estimated by the model of Thompson (116). 
Years and the Ames pre-season precipitation, June, July, and 
August monthly average temperatures and total precipitation, 
with their squares and interactions, were used in the model for 
a total of 18 variables. 
Climatology of Selected Favorable and 
Unfavorable Conditions for Corn 
The daily soil moisture budget estimates which were pre­
pared for nine arbitrarily assumed field capacity and April 1 
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starting moisture profile combinations afforded an excellent 
soil moisture climatology. For 30 years of observed weather 
conditions an estimate of soil moisture under corn was avail­
able for any date in the growing season, given the soil mois­
ture field capacity and April 1 starting level. 
From each of the nine daily soil moisture budgets fre­
quencies of percent available soil moisture in the corn root 
zone and also in the entire five-foot profile were prepared 
for the 1st and 15th of each month from June 1 through Sep­
tember 15. 
The soil moisture climatology and the ©-pL curve provide 
part of the information needed to determine the probability of 
a moisture stress day. The other part is obtained from the 
climatology of the potential water vapor flux from the soil-
crop-surface. This has been estimated in this thesis by BTpQ. 
A frequency of the estimated BTpc values would provide the de­
sired empirical probability, but a frequency of the observed 
daily pan evaporation losses would provide the same information 
and be based on actual measurements. If the ©j>l or corn ET/ 
Evaporation ratio curves were modified, the basic daily evapo­
ration frequencies could still be used. Daily frequencies of 
evaporation amounts from April 1 through October 31 were pre­
pared on the IBM 7074 computer for the 39-year period 1933-62. 
An estimate of the probability of joint atmospheric and 
soil moisture conditions resulting in stress days were furnished 
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by the actual number of computed stress days in the 30-year 
record. The frequency of the stress days, as computed from 
the Nicollet curve, were prepared for each week from 7B-
6A, and also for the two periods, 6B-3A and 5B-5A. 
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RESULTS AND DISCUSSION 
Soil Moisture Considerations on 4-Year Rotation Plots 
Much of the purpose of the soil moisture sampling on the 
Agronomy Farm 4-year rotation plots was defeated by the pres­
ence of a water table at 3^ to 5 feet on all plots sampled 
June 5, 1963. The water table was found at 5 feet on control 
plot 10 on July 24, but the average percent soil moisture in 
the 4 to 5 foot layer was below the l/3 atmosphere moisture 
percentage on the five Clarion and Nicollet plots sampled. 
The field capacities estimated by the l/3 atmosphere ten­
sion determinations were believed too high on many of the plots 
to provide realistic estimates of field capacity. Shaw and 
Runkles (97) found that the l/3 atmosphere moisture percentage 
determination provided fairly accurate estimates of field capa­
cities up to about 27 per cent gravimetric moisture. Above 
this point the l/3 atmosphere determinations had little rela­
tion to field capacities determined in the field. If only the 
plot profile levels with 27 percent or less moisture at l/3 
atmosphere tension were considered, the average AFC was esti­
mated to be about 11.4 inches. This is considerably above the 
8.7 and 9.0-inch AFCs assumed for the 4-year rotation plots in 
the estimates of the daily available percent soil moisture. 
When the l/3 atmosphere moisture percentages of 27 or less were 
used as the 100 percent AFC value for the percent AFC tension 
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curves, the average curve for the top two feet of profile in 
Clarion and Nicollet soils was close to, if not above, the 
curve for Colo silty clay loam in Figure 7. The variability 
of the soil moisture characteristics was sufficiently large 
that additional sampling,field capacity determinations in situ, 
and soil moisture tension curve replications are needed before 
recommending the "best" shape of soil moisture tension curve 
and derived curve for the 4-year rotation plots on Clarion 
and Nicollet. It appears, however, that use of a 12-inch AFC 
and the curve for Colo silty clay loam in Figure 10 would 
have been more appropriate for the soil moisture and stress 
occurrence computations for corn on the 4-year rotation plots 
of Clarion and Nicollet soils. 
The expression of the soil moisture tension and 6-pL curves 
in terms of percent AFC helps to minimize differences between 
assumed and actual AFC values. The soil moisture was estimated 
for each day of the 1963 season by the water balance method, 
using the IBM 7074 computer program and an assumed AFC of 9.0 
inches. The starting April 1 soil moisture profile was that 
estimated for November 30, 1962 plus 1.21 inches of precipita­
tion. This precipitation fell on March 25 and 26 after the top 
8 inches of soil had thawed on March 24, 1963. The water bal­
ance estimate of the percent AFC in the 5 feet profile on July 
24 was 55 and on October 5 was 51. On July 24, 5 Clarion or 
Nicollet plots were sampled to 5 feet and on October 5, 3 plots. 
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Assuming an APC of 11.4 inches the average measured percent AFC 
on July 24 was 59 and on October 5 was 53. 
Determination of the soil moisture characteristics on the 
soil samples confirmed Shaw's* statement that "the only thing 
uniform about the Clarion and Nicollet soils is their varia­
bility." Permanent wilting points were first estimated as the 
15-atmosphere moisture percentages from the soil samples taken 
on the June 5 transect in range 1100. These samples had pre­
viously been oven-dried to determine the percent soil moisture 
in the profile on date of sampling. The variability in the 15-
atmosphere moisture percentages was larger than expected within 
and between adjacent plots on the same soil type. The possi­
bility of two experimental errors was considered. The samples 
were taken near the middle of range 1100. At the middle and 
ends of each range are drainage tile, 3 to 5 feet deep. It 
was suspected that the observed high wilting points, especially 
in the subsoil of plots 01 and 04, might have been caused by 
sampling in a pocket of fine silt and clay carried down in the 
drainage field toward the tile. The method of using soil 
which had been oven-dried for the 15-atmosphere moisture per­
centage determinations was also questioned. The October 5 
samples were taken about 25 feet west of the center of range 
1100. The samples were air-dried for the purpose of running 
soil moisture tension curves and checking the 15-atmosphere 
moisture percentages found previously with oven-dried samples. 
IShaw, R. H., Ames, Iowa. Clarion and Nicollet soil mois­
ture variability. Private communication. 1963. 
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Only the top 2 feet of soil were sampled in the October 5 
transect, except for plots 01, 02, and 07 which were sampled 
to 5 feet. 
A scatter diagram of the 15-atmosphere moisture percentag­
es determined on oven-dry samples against those determined on 
air-dry samples showed little difference below 10 percent soil 
moisture. The differences in 15-atmosphere moisture percentages 
increased with increasing moisture content. The air-dry samples 
contained about 4 percent more moisture at 20 percent soil 
moisture. The regression of the 15-atmosphere oven-dry deter­
mination on that of the air-dry was : 
Y = 0.657X + 3.2 r2 = 0.88 
Y is the oven-dry determination and X is the air-dry. 
The wilting points, determined from the air-dry samples, 
filling in with oven dried estimates, adjusted by the above 
equation, are plotted in Figure 12 for the cènter of each plot 
and each profile foot. Lines of equal 15-atmosphere moisture 
percentages have been drawn for the profile transect. There ap­
pears to be a pattern to the variability. The highest 15-
atmosphere soil moisture percentages were found in the surface 
two feet of Webster plots 08-10 at the foot of the slope. This, 
with the rather homogeneous 15-atmosphere moisture percentages 
of 7 to 8 in the 4 to 5 foot profile layer extending from 
Webster plot 10 to Clarion plot 03, seems to confirm McCracken*s 
(61) contention that the Clarion and Webster soil differences 
Figure 12. Contours and observed 15?-atmosphere soil moisture percentages in 
5-feet profile of north-south transect 25 feet west of the center 
of range 1100 with samples from approximately the center of each 
plot, 1100 to 1110. Heavy dashed line is approximate position of 
temporary water table on June 5, 1963. Slope shown is exaggerated 
by scale of elevation and is less than 2 percent. 
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are not genetic but are due to continual accretion of soil 
material from up-slope. The notable exception to the general 
pattern is plot 01 with a "high center" of 15-atmosphere mois­
ture percentages from 3 to 5 feet. It was primarily this plot 
01 "discrepancy" which led to thé second transect 25 feet west 
of the first and the use of air-dry samples for the wilting 
point determinations. Both samples showed this plot 01 high 
center. 
The 15- and l/3-atmosphere moisture percentages, averaged 
over the top two feet of profile, are shown in Tables 9 and 10 
for the 4-year rotation plots on Clarion and Nicollet soils, 
as well for the Webster soils on range 1100. These tables, 
together with Figure 12 indicate there is probably a reasonable 
topographically induced pattern to the soil moisture charac­
teristics, but that the irregularities in the parent material 
left by the retreating glacier may completely upset that pat­
tern in local areas. This suggests, that permanent wilting 
points, and even complete soil moisture tension curves, may 
have to be established individually for every experimental plot 
on glacial till for which definitive soil-plant-water relations 
are desired. 
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Table 9. Percent soil moisture at 15 atmospheres tension 
averaged in top two feet for indicated plots on 4-
year rotation experiment, Agronomy Farm, Ames, Iowa 
Plot Range 
1100 1200 1300 1400 
00 12.9 13.5 13.8 12.2 
01 12.5 13.4 14.4 13.7 
02 11.6 16.9 15.5 
03 12.0 12.6 
04 15.0 
05 13.9 
06 13.8 
07 16.8 15.0 
08 20.3 
09 24.9 
10 21.5 
Table 10. Percent soil moisture at l/3 atmospheres tension 
averaged in top two feet for indicated plots on 4-
year rotation experiment, Agronomy Farm, Ames, Iowa 
Plot Range 
1100 1200 1300 1400 
00 26.4 28.5 24.8 26.4 
01 26.2 27.3 29.8 26.1 
02 25.1 32.9 32.6 
03 27.0 25.6 
04 31.9 
05 29.4 
06 28.5 
07 32.5 29.9 
08 37.7 
09 38.8 
10 36.3 
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Weather and Corn Yield Study 
Moisture stress weather variables 
Simple correlation coefficients of the 4-year rotation 
plot 01 yields on selected moisture stress variables using 
the 6B-3A period of integration are shown in Table 11. 
Table 11. Simple correlation coefficients of Agronomy Farm 
4-year rotation plot 01 corn yields with weather 
variables integrated from 6 weeks before to 3 weeks 
after silking for indicated record period and as­
sumed soil moisture turgor loss curve (%%,) 
9-year period 1954-62 30-year period 
Weather variable Nicollet Colo 1933-62 
©XL ©TL Nicollet ©tl 
NSD .84** . 86** .69** 
©/©TL .83** 
©/©tl(solar radiation) .76* 
bt/btfc .79* .77* 
ET/ETFQ(solar radiation) .70* 
Solar radiation on NSD .75* 
ET on NSD .86** .66** 
Pan evaporation on NSD .88** .68** 
Precipitation .83** .48** 
.05 level of significance, here and throughout thesis. 
.01 level of significance, here and throughout thesis. 
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All variables tested were significant at the .05 level 
and most at the .01 level. The correlation of plot 01 corn 
yield with precipitation was almost as high as with NSD in the 
9-year period, but showed considerably lower correlation in 
the 30-year period. This indicates the importance of period 
and length of record in seeking weather-yield relations. The 
number of stress days, being the complement of non-stress days, 
had the same correlation as NSD except that the correlation co­
efficient was negative. 
The simplest moisture stress statistic, NSD, appeared to 
be as good an estimator as any of the variables studied, and 
was the primary one used in this thesis. While the 9-year 
period, 1954-62, was too short and did not contain the desirable 
range of weather variables for any hard and fast conclusions, 
two observations might be made: (1) The failure of attempts to 
improve the NSD - corn yield correlations by substituting 
graduated measures of moisture stress such as ©/©j>l (with 2.0 
ratio cutoff) and ET/ETpç suggests that however inaccurate the 
estimate of the turgor loss point may be, it must be rather 
sharply defined and provides as much information pertinent to 
corn growth, development, and yield as the continuous gradu­
ated measures studied. Although transpiration may continue at 
a reduced rate when the corn plant comes under moisture stress, 
corn growth and contribution to final yield must stop abruptly 
with loss in plant turgor. (2) The failure to make any signifi­
cant improvements in the NSD-corn yield correlations by includ­
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ing a measure of energy available for growth, such as a solar 
radiation, BTpc, or evaporation on non-stress days was disap­
pointing. It seemed obvious that some measure of energy should 
be considered in addition to determining whether or not the 
corn plant was under moisture stress. If only non-stress days 
were considered without a measure of energy, cool, cloudy seasons 
with moderate to low soil moisture would show the same corn 
yield potential as a warm, sunny season with moderate to high 
soil moisture. One explanation for the apparent non-effective-
ness of these energy variables seems to be that solar radiation 
is not sufficiently limiting in Iowa to provide the range in 
the independent variable necessary to establish regression pat­
terns. The moisture stress situation—which is often limiting 
in Iowa—apparently is so much more important than the energy 
consideration with respect to limiting factors that energy on 
non-stress days amounts to only "coded" NSD. In areas where 
solar radiation is limiting it is suspected that the energy 
consideration would improve the weather and corn yield studies. 
At Rothamsted, England, Penman (79) found with water non-
limiting, the growth of grass as measured by dry weight increase, 
appeared closely proportional to the total energy supply avail­
able at the ground surface. As most of this total energy is 
used in providing latent heat for transpiration, and the frac­
tion used was so constant, he found that the growth was closely 
proportional to the potential transpiration on days without a 
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limiting soil moisture deficit. The variable, BTNgD, was 
carried in several of the regression models for ready compari­
son with any subsequent work in "energy limiting" areas. 
Another possible reason for failure of ETNSD (or other 
energy measure) to improve upon NSD as a predictor, is that 
even with sufficient average soil moisture estimated in the 
root zone, the distribution might be such that a day of no 
calculated stress might actually have stress, at least in the 
top leaves. A high ETpC on such a day would add to the "growth 
index" while actually there may have been little growth and a 
disproportionate increment in the index. . It may also be that, 
even with water not limiting, there is just so much growth 
possible within a day due to nutrient uptake or other causes. 
This would seem to agree with Hanway (37) who found the growth 
rate, expressed as percent of total dry matter accumulation in 
the corn plant and grain, to be linear from July 2 to September 
4 on all fertility plots with rate of increase greater on higher 
fertility plots. He contended that fluctuations from a linear 
total dry weight accumulation curve are probably minor in most 
seasons. Whatever the explanation, the NSD seemed to provide 
just as high correlation with final yields as the ETp^,evapora­
tion, or solar radiation on non-stress days. 
Critical period of corn growth and development 
Correlation coefficients of Plot 01 corn yields with 3-
week moving sums of NSD and precipitation, based on the 30-year 
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period, 1933-62, were plotted for weeks 7B to 6A in Figure 13 
to provide "sensitivity curves". Figure 13 also shows the 
correlation coefficients of plot 01 corn yields with weekly 
sums of ET^sd for the 30 year period, as well as the 10-year 
(1953-1962) and 20-year (1933-52) record segments of more 
homogeneous management-stand periods. The 10-year curve in­
dicates the reason for advancing the initially selected 4B-6A 
period of weather summation. Since the curves indicated a more 
critical period with respect to final corn yield relatively 
early in the growth period, the weekly totals of NSD were 
weighted* on the basis of the 1954-62 record period and corre­
lated with plot 01 yields for the 30-year period. A correla­
tion coefficient of .67 was obtained for the weighted total as 
compared to one for the unweighted total of .69. 
ETnsd was more highly correlated with yield in weeks 4A 
and 5A in the 20-year period, 1933-52, than in the last 10-year 
period, 1953-62. The correlation of ET^SD with yield for the 
20-year period was even slightly higher, for weeks 4A and 5A 
than for weeks 5B and 4B. This suggested that the period 5B-5A 
might furnish a more effective period for weather variable 
integration than that for 6B-3A, preliminarily selected from 
the 9-year period, 1954-62. Both simple and multiple coef­
ficients of yield with NSD, BTj^sd» and precipitation for periods 
5B-5A and 6B-3A are shown in Table 12. Stand, trend, and 
curvilinearity of weather effect were also considered in the 
^The weekly weights were obtained from smoothing the sensi­
tivity curve for ©/©TL (solar radiation) not shown in Figure 13. 
The 6B-3A weekly NSD totals were multiplied by the weights 0.63, 
0.91, 1.12, 0.98, 0.91, 0.77, 0.70, 0.56, and 0.42 for weeks 6B 
through 3A, respectively. 
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Figure 13. "Sensitivity curves" of correlation coefficients using Agronomy Farm 4-
Jear rotation plot 01 corn yields with indicated weather variable, mes, Iowa, 1933-1962. 
120 
multiple regression. The table shows slight differences be­
tween record periods which might be expected from the sensi­
tivity curves. In the 20-year period, 1933-52, 5B-5A showed 
slightly higher correlation with corn yield than period 6B-3A, 
while 6B-3A was slightly higher in the 10-year period, 1953-62, 
The multiple R*s, however, show all regression models with the 
6B-3A weather variables to have slightly higher correlation 
with yields than those using the summation period 5B-5A. 
Lengthening the period of weather summation beyond these two 
Table 12. Correlation of Agronomy Farm 4-year rotation plot 
01 corn yields with indicated weather variables 
and record periods 
Weather 
variable 
Simple correlation 
coefficients 
Multiple Ra 
30-yr 20-yr 10-yr 30-yr 20-yr 10-yr 
(33-62) (33-52) (53-62) (33-62)(33-52) (53-62) 
Non-stress days 
6B-3A .69 
5B-5A .69 
ElfceoaNSD 
6B-3A .66 
5B-5A .68 
Precipitation 
6B-3A .48 
5B-5A .43 
.62 
.66 
.58 
.63 
,54 
.53 
.83 
.82 
.86 
.85 
.83 
.32 
.90 
.88 
.91 
.90 
.79 
.68 
.91 
.89 
.92 
.91 
,76 
,70 
.94 
.93 
.93 
.92 
.87 
.61 
aR from multiple regression model using years, weather, 
weather2 and weather x stand variables, regression model 6 in 
Table 13. 
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intervals reduced the correlation of the weather variables with 
plot yields. 
In a later independent check with Castana data for the 
periods 1954-62, the simple correlation of the 8MP plot yield 
with NSD in the 6B-3A period was .65, and for the 5B-5A period, 
.68. Similar to the Ames results, however, the multiple R 
from the regression model, considering stand and curvilinearity 
of the NSD effect, was .82 for the 6B-3A period and .78 for the 
5B-5A NSD summation. Since there may be some predicting ad­
vantage to ending the summation period earlier in the season, 
and the 5B-5A period showed no apparent advantage over the 
earlier period, the phenological period 6B-3A was used in the 
multiple regression models presented in this thesis. 
From the sensitivity curves of Figure 13, the period 5 
and 4 weeks before silking would appear to be as critical with 
respect to final yield as any other in the growth and develop­
ment of the corn plant. The author (15), using phenological 
period rainfall and county average corn yields, found 5 weeks 
before silking to be a critical period, but most studies deal­
ing with weather effects on corn yield have found the weather 
in later periods to be more important. Miller and Duley (64), 
Robins and Domingo (87), and Denmead and Shaw (20) have con­
sidered the moisture situation immediately adjacent to the 
date of silking as the most critical in the growth and de­
velopment of corn. 
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For orientation, the period 4 and 5 weeks before an aver­
age silking date, July 29, would extend from June 25 to July 8. 
The corn commonly reaches "knee height1' in this period, and is 
in Hanway*s (39) growth stage 2. 
From experimental data gathered in 1959 Han way (37) found 
that more than 50 percent of the total leaf weight was produced 
in the 2-week period, July 2 to July 16. From his silking date 
of July 29, this 2-week period corresponded to about the 4th 
and 3rd week before silking. Hanway also found that the yield 
of total dry matter and grain was. directly proportional to the 
weight of the corn leaves. The mineral nutrition of corn 
plants appeared to influence grain yields mainly by affecting 
the leaf area produced early in the growing season and the 
length of time the leaves remained alive and functioning during 
grain formation. In this same 2-week period the corn plants 
took up 31, 23, and 38 percent of the total seasonal uptake of 
N, P, and K, respectively (38). 
Eisele (24), using an early maturing open-pollinated se­
lection of Reid yellow dent in 1932, found about 50 percent of 
the maximum corn leaf area formed by July 5, which with silking 
on July 26 placed most of this leaf development in weeks 5B-4B. 
Although the small sample size and the weather itself may ac­
count for much of the difference between the 20-year and 10-
year sensitivity curves of Figure 13, Bisele's data in Figure 
14 suggest stand as another possible contributing reason. The 
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Figure 14. Seasonal march of average leaf area index from corn plants in three 
rates of planting, 1932; from Eisele (24) Table 5. 
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leaf area index of the five plants per hill (19,600 plants per 
acre) increased rapidly and by July 5 was more than 3 times 
that of the 1 plant per hill (3,920 plants per acre), and 1.5 
times greater than the 3 plants per hill (11,760 plants per 
acre). The maximum leaf area in the five's was reached on 
July 25, and in the one's about August 15. Since the stand 
on the 4-year rotation plot 01 in the 10-year period, 1953-
62, was almost double that of the previous 20-year period, this 
may help to explain the increased correlation found in 5B-4B 
and the more rapid fall in correlation after silking demon­
strated by the 10-year curve. The increase in leaf area shown 
in Figure 14 also suggests that higher stands might derive 
most of their yield advantage from this early increase in leaf 
area at a time when there is usually minimum moisture stress 
and maximum solar energy. 
The histological work of Sass and Loeffel (92) suggests 
another reason for the early critical period. In 1955 they 
dissected corn plants at frequent entervals and found the first 
evidence of floral transition in the axillary buds 43 days af­
ter planting. Counting back from silking date, this was in 
week 6B. The largest plants in the single cross had at most 8 
buds large enough to be visible under the dissecting microscope. 
The largest bud in the single cross plants was in floral transi­
tion. Such plants had at least 11 leaves. On June 27, 55 days 
after planting (week 4B) in the tallest plants of the single 
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crosses, all surviving buds, commonly 7, were in floral transi­
tion, while in smaller plants the lowest 1 or 2 buds were still 
vegetative. The actual ears of the buds were consistently less 
than 2 mm. long. Although Sass and Loeffel found the status 
of floral transition among plants too irregular for any quanti­
tative treatment, they observed that the degree of differenti­
ation of the ear axis at this date was associated with the 
robustness of the plant rather than with planting density. On 
July 5, 63 days after planting (week 3B) many of the lower 
buds had been destroyed by successive whorls of nodal roots, 
and the length of the upper ear primordium, invariably the 
largest on the plant, ranged from less than 2 mm. in some in-
breds to 19 mm. in a single cross. While the authors consider­
ed the emergence of silks as probably the most critical period 
in determining final yield in denser plantings (as did Eisele, 
24), the 6B-3B period is one in which the ear is being initia­
ted and is definitely a critical period. Sass*" has suggested 
that moisture stress at this period of myosis could perhaps re­
sult in the collapse of the embryo sac. 
A third contributing factor to the 5-4B period sensitivity 
is possibly climatology. Shaw et aJL. (103) have estimated the 
probability of receiving an inch of rainfall at Ames in a week— 
roughly that amount needed to offset évapotranspiration losses— 
^Sass, John E., Ames, Iowa. Critical period of corn growth 
and development. Private communication. 1963. 
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decreases from a high of about .43 in early June to a low of 
about .25 in mid-July and then increases gradually to .33 by 
mid-September. Conversely, the average number of stress days 
increases from less than 1 in week 6B to almost 4 days in week 
2B. Over half of the years have no stress days before week 4B, 
but most seasons have stress days later in the period of corn 
growth and development (Appendix, Table 28). Spring is a peri­
od of soil moisture recharge, and if there has not been suffi­
cient rainfall to bring soil moisture above the levels required 
by atmospheric conditions in June, it is quite likely that 
moisture stress conditions will become more critical later in 
the growth period. Soil moisture usually decreases through 
the growing season. Rainfall is less in July than in June, 
and water use is much higher. Therefore, those years with an 
above average number of stress days in the 6B-4B period are 
likely also to have an above average number later in the season, 
not because of persistency in weather but because of the per­
sistency of the deficiency in the soil moisture reserve caused 
by earlier weather conditions. 
The failure of weighted non-stress day accumulations to 
provide any higher correlations with final yield than unweighted 
sums over the 9-week period, 6B-3A, indicated that the clima-
tological consideration might be largely responsible for the 
sensitivity curve, and that the original hypothesis of linear ef­
fect of stress days through the period of corn growth was sound. 
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Without doubt, however, the 5-4B period is very important and 
should be considered in any study of the environmental effects 
upon corn yield. 
The termination of the period of weather integration 
three weeks after silking is supported by the work of Shaw and 
Loomis (95). They found that cell division and enlargement 
were the dominant phases of ear development for approximately 
three weeks after fertilization. The cells had reached less 
than half their maximum size at the end of this period. The 
third stage was dominated by translocation with cell enlarge­
ment but little or no cell division. Shaw and Loomis consider­
ed this filling period less sensitive to weather factors than 
either the fertilization or ear growth stages, since it involved 
less cell division and a lower level of physiological activity. 
Application; Agronomy Farm 4-year rotation plots 
Scatter diagrams of the Agronomy Farm 4-year rotation 
plot 01 corn yields on both nsd and ETNSD for 6B-3A for the 
30-year period, 1933-62, are shown in Figures 15 and 16. The 
solid circles indicate those years, 1953-62, with stands 
greater than 12,000 plants per acre and indicate near linear 
regression. The open circles are those years, 1933-52, with 
less than 10,000 plants per acre and exhibiting more curvilinear 
regression. When all of the points in the figures are consider­
ed, the data illustrate Liebig's "law of the minimum" with rapid­
ly rising yields up to about 30 non-stress days on Figure 
15 or about 5.00 inches of ETnsd on Figure 16. Below 
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these approximate thresholds the weather must be the primary 
limiting element on plot 01 corn yields. Above these thresholds 
elements other than weather become the limiting factors and the 
variance from any theoretical response curve increases rapidly. 
Although many of the years in the 1933-52 period had 
weather as favorable as the recent years--as measured by 6B-
3A NSD—there were no recorded plot 01 corn yields above 100 
bushels. This suggested a negative exponential type curve 
which would rise rapidly to the vicinity of about 30 non-
stress days—or about 5.00 inches of ET^^q—and then level out 
with more favorable weather, perhaps at Mitschlerlichts "A" 
value, or a maximum yield compatible with the stand and fer­
tility conditions. The higher stands since 1953 seemed to 
lift or remove this maximum yield level and suggested more of 
a logarithmic type regression. 
Transformations of NSD and ET^Q showed the logarithmic 
curve slightly better than one fitted by the square root trans­
formation, and the square root transformation slightly better 
than a linear fit. In multiple regressions, however, a simple 
parabolic regression was found to be associated with more of 
the variance in yields than either the square root or logarith­
mic curves. Moreover, unless good reason can be found to 
discard several years which produced an apparent decrease in 
yield with increasingly favorable weather, as measured by 6B-
3A NSD, the parabolic regression is more flexible (Heady et. 
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al. 40) in fitting the data, whether or not the yields reach 
a maximum within the observed data range. 
O 
The basic regression model included stand, stand , NSD, 
NSD^, NSD x stand, and year., and was associated with about 83 
percent of the variance in the plot 01 corn yields for the 
period, 1933-62. This reduced the standard deviation of the 
plot 01 yields from 24.31 bushels per acre, if the 30-year 
yield average were used as the estimate each year, to a 
standard error from regression of 11.20 when estimated from 
the relation with NSD and stand. This "complete model" required 
7 degrees of freedom in fitting the weather-stand-yield re­
gression, but there were only 7 years of data for plots 05 and 
06. To permit a comparison of the weather-stand-yield relation­
ships between the different fertility plots 00 to 07 on Clarion 
and Webster soils, regression models with fewer variables were 
examined. Bight different combinations of variables, or re­
gression models, were compared and are shown for plot 01 and 
the NSD weather variable in Table 13. The "complete model" 
is regression 8 in the table. 
The effect of stand on yield is believed to be primarily 
one of interaction. With unfavorable weather, e.g., less than 
30 NSD in the 6B-3A period, an increase in stand makes little 
difference in yield. With favorable weather an increase in 
stand is associated with a definite yield increase if the fer­
tility does not become limiting. Regression model 6 considered 
Table 13. Multiple regression equations3 of Agronomy Farm 4-year rotation plot 01 corn yield 
on indicated variable for eight regression models based on 30-year period of record, 
1933-1960 
Variable Regression model 
1 2 3  4  5  6  7  8  
"Constant" 19.8564 5.2145 -26.2863 47.2133 -29.3868 24.0139 -16.7872 -4.2733 
Year -1.3723* -1.5277** 0.2622 —1.5256 -1.2290** ——————— —1.3191* 
Stand 0.1451 0.4661** ——————— 0.5824 0.2029** ——————— ——————— 0.7809 
NSD 4.4236** 4.5697** 4.4157* 1.4895* 4.2242** 4.3603* 4.1150** 3.9347** 
NSD2 -0.0498** -0.0437** -0.0446** -0.0427** -0.0522** -0.0472** -0.0500** 
Stand X NSD 0.0065 ——————— ——————— —0*0022 ——————— 0*0090** 0.0049** 0*0125* 
Multiple R2 0.8086 0.7947 0.6294 0.6587 0.7151 0.8062 0.7390 0.8317 
SS due re­
gression 13853.504 13616.576 10784.462 11284.893 12251.500 13812.305 12661.859 14250.517 
Degrees of 
freedom 5 4 3 4 3 4 3 6 
Error mean 
square 136.654 140.664 244.182 233.932 187.759 132.835 171.974 125.334 
St. error 11.690 11.860 15.626 15.295 13.703 11.525 13.114 11.195 
F Ratio 20.275** 24.200** 14.722** 12.060** 21.750** 25.995** 24.542** 18.950** 
aMethod of regression model presentation selected to facilitate comparison of partial regres­
sion coefficients for different models. Multiple regression equation 1, written in more familiar 
form, is: Yield » 19.8564 - 1.3723 Year + 0.1451 Stand + 4.4236 NSD - 0.0498 NSD2 + 0.0065 Stand x 
NSD. Coded variables used were: Yield: equivalent Iowa 4570 corn yield rounded to nearest bushel 
per acre; Year: last two digits, 1962 =» 62; Stand: nearest 100 stalks per acre, 16,000 - 160; 
NSD: number of non-stress days in period 6B-3A, 40 = 40. 
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stand only in the interaction term and was associated with 
about 81 percent of the plot 01 yield variance. Model 2 in­
cluded stand only as an independent linear term, although 
agronomically a uniform yield increase from stand cannot be 
expected over all unfavorable and favorable weather conditions. 
There was no significant reduction in the sum of squares as­
sociated with regression as the number of stand consideration 
variables were decreased from 3 in model 8 to 2 in model 1, 
and to 1 in models 2 and 6. The greatest reduction came be­
tween models 8 and 1 with the omission of the stand^ term. 
The F ratio was 3.168, about the .09 percentile of the F dis­
tribution for 1 and 23 degrees of freedom. There was a highly 
significant reduction in the sum of squares associated with 
regression between models 2 and 3 when all consideration of 
stand was omitted. Similarly there was a highly significant 
reduction in the variance associated with regression from model 
1 to 4 when the NSD^ term was omitted, and from model 2 to 5 
when trend was omitted. Of the regression models in Table 13, 
model 6 seemed to offer the most reasonable approach for de­
creasing the number of variables to allow comparisons between 
weather-stand-yield relations on plots 00 to 07. 
In another set of plot 01 regressions not shown in this 
thesis, curvilinear response in both stand and NSD was intro­
duced through the interaction term with the variables: year, 
stand, NSD, NSD x stand, and (NSD x standi. This model was 
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associated with only 73 percent of the yield variance and a 
standard error from regression of 13.86 bushels per acre. It 
was rejected in favor of those in Table 13. 
The partial regression coefficients for NSD were amazing­
ly stable over all equations, except 4, which does not include 
the NSD2, or parabolic, term. Similarly, the partial regres­
sion coefficients for the NSD2 terms are fairly stable between 
models. Except for model 4, the t-test indicated all linear 
and quadratic NSD coefficients highly significant. In all mod­
els, which included stand in either or both the linear or inter­
action terms, the partial regression coefficients for year were 
significant and relatively stable. When both stand and stand x 
NSD were omitted in model 3, the trend coefficient became posi­
tive, but was not significantly different from 0. This indi­
cated that the average yield increase for improved stands was 
then included in trend and possibly offset any yield decreases 
due to fertility losses. The stand effect was approximately 
halved from model 2 to model 5 when the trend term was removed, 
perhaps due to pooling the trend effect of yield decrease due 
to fertility loss with the yield increase from stand. When 
stand was omitted in model 6, the partial regression coeffi­
cient for stand x NSD became highly significant. The stand x 
NSD term alone was associated with almost all of the variance 
removed by both stand and stand x NSD variables. This is re­
flected in a lower standard error for regression 6 than re­
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gression 1. Except for the constant, all partial regression 
coefficients in model 6 tested different from 0 at the .01 
level of significance. Regression model 6 was that used to 
compare all plots 00 to 07, but model 8 was prepared for plots 
00, 01, and 02 having the full 30 years of record. 
The measured yields on plot 01 for the 30 years, 1933-62, 
were plotted as circles in Figure 17. The yields estimated by 
equation 8 are shown as the solid line and demonstrate a 
reasonable fit, especially for the years of extremely low 
yields. The linear yield trend (r = 0.43**) shows an average 
increase of about 1.18 bushels per acre per year in the 30-
year period. 
The number of non-stress days in the period 6B-3A also 
showed a general linear trend (r = 0.48**), with an average in­
crease of about 4 non-stress days in 5 years. The NSD and linear 
trend are shown in the top part of Figure 17. Most of this cor­
relation is derived from the dry 30*s at one end and the favor­
able 1957-62 period at the other end of the regression. Pheno­
logical period precipitation was not correlated with years 
(r = *0.02), but the trend of total pan evaporation in the 6B-
3A period was highly significant (r = -0.50**). This suggests 
that the trend in number of non-stress days was not due to pre­
cipitation increase, but rather to less potential evaporation 
and possibly better precipitation distribution within the 9-
week period. 
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Figure 17. 
YEAR 
Lower solid line is estimated corn yield for Agronomy Farm 4-year rotation 
plot 01 by equation 8, Table 13; open circles are observed plot 01 corn 
yields, adjusted to hybrid Iowa 4570; dashed line is linear yield trend. 
Upper solid line is number of non-stress days in the 9-week period, 6B-3A, 
for each year, 1933-1962, at Ames, Iowa ; dashed line is linear NSD trend. 
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Stand, which averaged less than 8000 stalks per acre in 
the 3O's and 40*s, and 14,670 for the 1953-62 period, was also 
correlated with years at the .01 level of significance: r = 
0.84** for plot 00 and 0.81** for plot 01. The stand x NSD 
interaction term was also highly correlated with years : 
r = 0.80** for plot 01. 
If a linear regression had been fitted to the 30 years of 
yield data as a short-cut method to remove the trend due to 
technology (stand, fertility, and hybrid variety changes) and 
deviations from trend used to study the weather effects, a good 
portion of the weather and weather-technology interaction prob­
ably would have been removed also. This is in agreement with 
Ezekiel (26) who cautions it is not safe to assume trend in 
yield. He recommends including time as another variable, letting 
it explain discrepancies not explained by other variables. 
There should be little residual technology effect remaining 
in the "homogenized" yield series except for a gradual linear 
decrease (or increase) in soil fertility on the 4-year rota­
tion plots. The relative stability and significance of the par­
tial regression coefficients for year in the different regres­
sion models in Table 13 were interpreted as evidence that the 
average residual fertility decrease on plot 01, as measured 
in corn yield, has been in excess of a bushel per acre per year 
from 1933 through 1962. Although the partial regression co­
efficient for year should not be considered "out of context", 
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the estimates of trend from the various indicated regression 
models were collected in Table 14 for plots 00-02. If only 
the coefficients significant at the .05 level or higher, are 
considered, the average decrease for control plot 00 is about 
1.9 bushels per year, and for plot 01 (8M) about 1.2. Less 
Table 14. Partial regression coefficients of Agronomy Farm 
4-year rotation plot 00-02 yields on years from 
indicated regression model and weather variable 
Regression model 
and weather variable Plot 00 Plot 01 Plot 02 
Model no. 8 
6B-3A nsd 
btnsd 
—2.16** 
-2.02** 
-1.32* 
-1.25* 
-1.41* 
-1.44* 
Model no. 6 
nsd 6B-3A 
5B-5A 
—2.06** 
-1.56** 
-1.23** 
-0.74 
-0.95 
-0.52 
ETnsd &B-3A 
5B-5A 
—1«93** 
-1.51** 
-1.19** 
-0.78 
-0.94 
-0.58 
Precipitation 
6B-3A 
5B-5A 
-0.69 
-0.30 
+0.16 
+0.42 
+0.28 
+0.44 
trend was estimated when the weather variable was precipita­
tion and also when the period 5B-5A was used for weather in­
tegration. None of the coefficients in regression model 6 
for plot 02 was significant, although that for 6B-3A ET^gg 
was just short of the .05 level. The coefficients for regres 
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gion model 8 indicate a trend of -1.4 bushels per year. The 
differences between all trend estimates for plots 00 and 01, 
within models, are close to .8. This suggests that whatever 
the true residual fertility loss on control plot 00, the loss 
on plot 01 is about .8 bushel less. The lack of stability in 
the plot 02 trend estimates cautions against drawing conclu­
sions for that plot. 
The average trend cannot be assumed over shorter record 
periods — or for individual years in the 30-year record—be­
cause any short term weather-fertility interactions could re­
sult in large differences between the residual fertility es­
timated by trend and that available to corn in a particular 
year. The model 6 regression equations for plot 01 which were 
planned for "benchmark" comparisons with the regressions for 
plots 03-07, are shown in Table 15 for the 7-, 14-, and 15-
year systematic record segments. The regression equations 
for the 10- and 20-year periods of more homogeneous stand 
management are also given in Table 15. Regression equations 
for 20, 15, and 14 years were significant at the .01 level, 
and that for 10 years at the .05 level. The 7-year regression 
for plot 01, as well as those for the other seven plots, was 
not significant. The coefficients for NSD were of the same 
order of magnitude in all regressions and significant to the .01 
level for the 20-, 15-, and 14-year periods. None of the trend 
coefficients was significant, although that for 20 years was 
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Table 15. Multiple regression equations of Agronomy Farm 4-
year rotation plot 01 corn yield on indicated 
variable for different periods of record 
"Homogeneous" Systematic record segments 
stand periods within period 1933-62 
20 years 10 years 15 years 14 years 7 years 
1933-52 1953-62 
"Constant" 11. 9791 233. 1560 17. 3 742 2. 1866 1. 5776 
Year -1. 0565 -4. 5997 -1. 0555 -0. 6510 -0. 2599 
NSD 4. 3385** 3. 3449 4. 8330** 4. 4839** 3. 7988 
NSD2 -0. 0582** -0. 0195 -0. 0614** -0. 0498** -0. 0307 
Stand x NSD 0. 0144* 0. 0032 0. 0076* 0. 0040 -0. 0030 
Multiple R2 0. 8299 0. 8748 0. 7860 0. 8429 0. 9268 
ST. error 9. 583 13. 383 13. 257 10. 631 12. 644 
F ratio 18. 300** 8. 732* 9. 191** 12. 068** 6. 3306 
aSee Table 13 for explanation of format. 
almost at the .05 level. With stands averaging less than 8000 
plants per acre and corn yields 77.0 bushels per acre, the plot 
01 20-year trend coefficient indicated a fertility decrease 
of about 1 bushel per acre per year. The 10-year period, 1953-
62, in which stands averaged 14,670 and yields 93.8, indicated 
an apparent fertility decrease of 4.6 bushels per acre per 
year. The 7-year trend regression coefficient indicated only 
about .3 bushel decrease. While the yields and NSD plotted on 
years in Figure 17 suggest that steep short term fertility 
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trends may be possible with continual drawdown of nutrients 
under persistent periods of favorable weather, this variabil­
ity in the estimates of trend in the shorter periods of record 
indicated the imprudence of the 7-year comparisons. The re­
gressions for the other seven plots are not included in this 
thesis. 
The six different period regressions for plot 01 yield on 
NSD, stand, and year are graphed in Figure 18, evaluated for a 
stand of 12,000 and the year 1962. An exception was the 10-
year regression which because of the steep trend, was evaluated 
for the middle year, 1958. The 1962 position of the 10-year 
curve would be 18.4 bushels below the 1958 curve. All of the 
curves are similar up to about 30 NSD. The systematic 15-, 
14-, and even 7-year period curves are relatively close to the 
30-year curve throughout. The most discrepant curves are those 
for 20 and 10 years which are separate stand-management periods. 
Although the 12,000 stand level was selected as a realistic 
base for comparison of the different regressions in Figure 18, 
a stand of 12,000 is actually beyond the highest observed 
stands in the 20-year period, and was the lowest observed 
(1956) in the 10-year period. Both plotted curves are estimates 
beyond the observed data, which help to understand the differ­
ences shown in Figure 18. 
Regression model 6 equations for the 15-year period for 
plots 03 and 04, and for the 14-year period for plot 07 are 
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Figure 18. Regressions of estimated Agronomy Farm 4-year ro­
tation plot 01 corn yield on number of non-stress 
days in 9-week period 6B-3A for 7 different record 
periods. Regression equations are those in Table 
15 and equation 6 of Table 13, evaluated at 12,000 
plants per acre and 1962, except for 10-year re­
gression which is evaluated for 1958. 
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shown in Table 16. The standard deviations for the respective 
plot corn yields are included for comparison with the standard 
errors from regression. The differences in estimated yields 
for plots 03, 04, and 07 from those estimated for plot 01 using 
the same period of record and a stand of 12,000, are shown in 
Figure 19 plotted against NSD. The differences of the esti­
mated yields for plots 00 and 02 from those for plot 01 for 
the common 7-year period and also the entire 30-year record 
were included in Figure 19 to contrast the two estimates of 
differences. The 7-year differences are shown with the dashed 
line, the 30-year differences with solid lines. At 40 NSD, 
the 7-year regression estimate of plot 00 (control) yield was 
about 31 bushels less than that for plot 01 (8M). For the 
30-year period the control yield was about 21 bushels lower 
than that for plot 01. The 7-year estimate of yield differences, 
plot 02 (A-2M) yield minus plot 01 yield for 40 NSD was -4 
bushels, while that for the 30-year comparison showed +5 bushels. 
There was no apparent way of evaluating the accuracy of the 14-
and 15-year curves for plots 03 (8M-L), 04 (12M-L), and 07 
(20M-L). 
The yield difference curve for plot 07 yields appears 
much more reasonable than those for plots 03 and 04. The high­
est fertility plot, 07, shows small increases in yield over 
plot 01 at low NSD with difference in yields increasing to 10 
bushels at 50 NSD and 17 bushels at 60 NSD. It is difficult 
144 
+ 30 STAND = 12 ,000 
YEAR = 1962 
PLOT 04U2M-L)  
"  15 YEARS\  -
PLOT 07(20 M-L)  
14 YEARS 
PLOT 03(8M-L)  
\J5  YEARS.  
trq 
PLOT 02(A-2MW* -
30 YEARS ;q 
PLOT 02 (A-2M) 
7  YEARS 
-10 p 
uj — PLOT OO(CK) 
30 YEARS \  
PLOT 00 (CK) 
7  YEARS 
-40 
) 20 30 _ __ 
NUMBER OF NON-STRESS DAYS IN PERIOD 6B-3A 
40 50 60 
Figure 19. Differences between estimated Agronomy Farm 4-year 
rotation plot 01 and indicated plot corn yields 
for same periods of record. Differences based on 
regressions in Table 16 and equation 6 in Tables 
13 and 17. 
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Table 16. Multiple regression equations3 of Agronomy Farm 4-
yr rotation plots 03, 04, and 07 corn yields on 
indicated variables and length of record within 
1933-62 period 
Plot 03 Plot 04 Plot 07 
Variable 15 years 15 years 14 years 
Constant 14.6507 4.8840 25.8851 
Year -0.5218 -0.4317 -0.8897 
NSD 4.2407* 4.8347** 3.8673* 
NSD2 -0.0521* -0.0609** -0.0387 
NSD x stand 0.0050 0.0050, 0.0047 
R2 0.6980 0.7448 0.8078 
Standard error 13.960 13.082 13.000 
F ratio 5.777* 7.296** 9.456** 
Standard deviation 21.468 21.888 24.672 
aSee Table 13 for explanation of format. 
to explain the greater yield increases on plots 03 and 04 at 
low NSD or under drought conditions. The plots have lime ap­
plications as needed, but so does plot 07. If the difference 
pattern is real, the explanation may lie in differential water 
availability from a temporary water table. From Figure 12 it 
can be seen that a temporary water table or capillary fringe 
could be so high as to depress yields on plot 07, lie below the 
corn root zone on plots 00 to 02, but be within the root zone 
on plots 03 and 04. 
Multiple regression equations of plot yields on nsd and 
stand are provided in Table 17 for plots 00, 02, and 10 (Web­
ster control). Regression equations, using ETnsd as the weather 
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Table 17. Multiple regression equations of Agronomy Farm 4-
year rotation plots 00, 02, and 10 on indicated 
variables, 1933-1962 
Plot number 
Regression model 8 
00 02 
Regression model 6 
00 02 10 
Constant 30.4334 9.3817 
Year -2.1632** -1.4104* 
Stand. 0.8614 0.3831 
Stand -0.0042 -0.0007 
NSD 3.3326** 4.4527** 
NSD2 -0.0432** -0.0479* 
NSD x stand 0.0126* 0.0048 
R2 0.7574 0.7408 
SS due to 11276.969 13869.871 
regression 
Degrees of 6 6 
freedom 
Error mean 157.060 211.004 
square 
Standard 12.533 14.526 
error 
F ratio 11.967** 10.955** 
59.1020* 14.9252 38.3225 
-2.0583** -0.9548 -0.4971 
3.7117** 4.4128** 2.4919* 
-0.0466** -0.0524** -0.0324* 
0.0116** 0.0080** 0.0028 
0.7252 0.7252 0.2334 
10797.905 13577.298 1705.254 
4 4 4 
163.658 205.826 224.036 
12.793 14.347 14.968 
16.495** 16.491** 1.903 
aSee footnote on Table 13 for explanation of regression 
equation presentation. 
variable, are given in Table 18 for plots 00, 01, and 02. All 
of these regressions are based on the 30-year period and on 
the weather variable summed over the period 6B-3A. The equa­
tions for both model 8 and model 6 have been included. The 
standard deviation for plot 00 yields was 22.66 bushels per 
acre and for plot 02 yields, 25.41. 
The regression equation for plot 10 was included in Table 
17 to indicate the poor correlation attributed to the inability 
to estimate moisture stress on the Webster plots. Control 
Table 18. Multiple regression equations3 of Agronomy Farm 4-year rotation plots 
00, 01, and 02 on indicated variables, 1933-1962 
Variable 
Regression model 8 Regression model 6 
Plot 00 Plot 01 Plot 02 Plot 00 Plot 01 Plot 02 
Constant 
Year 
Stand 
Stand2 
BTNSD 
B^SE2x stand 
31.3515 
-2.0217** 
0.7302 
-0.0035 
23.3567** 
-2.0180** 
0.0784* 
.7652 
Sum of squares 
due to regress. 11392.679 
Degrees of 
freedom 6 
Error mean square 152.029 
Standard error 12.330 
0.9427 
-1.2472* 
0.6224 
-0.0032 
27.5048** 
-2.3219** 
0.0754* 
.8395 
6.5077 
-1.4454* 
0.3735 
-0.0014 
33.0568** 
-2.6104** 
0.0554 
. 7712 
14383.732 14439.358 
6 
119.542 
10.933 
6 
186.243 
13.647 
F ratio 12.490** 20.054** 12.922** 
54.0607* 22.5460 13.3820 
-1.9317** -1.1883** -0.9412 
26.2338** 30.4697** 31.2622** 
-2.1997** -2.4673** -2.5072** 
0.0915** 0.0575** 0.0506** 
.7434 .8246 .7513 
11068.132 14128.844 14066.137 
4 4 4 
152.849 120.174 186.273 
12.363 10.962 13.648 
13.103** 29.392** 18.878** 
aSee footnote on Table 13 for explanation of regression equation presentation. 
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plot 1110 was a naturally irrigated plot. It received not only 
surface runoff from the higher plots in range 1100, but also 
from plots to the west of range 1100 through a tile culvert 
under the access road along the west boundary of range 1100. A 
water table was found at 5 feet as late as July 24, 1963, sug­
gesting temporary water tables occasionally furnish moisture for 
corn on this and possibly other Webster plots. The simple cor­
relation coefficient of plot 10 yield with NSD for the 10-year 
period of generally favorable weather, 1953-62, was -0.46 ; for 
the 20-year period, 1933-52, 0.35; and for the composite 30-year 
period, 0.22. Plot 10 yield variance was small, with a standard 
deviation of 15.87, compared to 24.31 for plot 01. In the drought 
year of 1956 control plot 1110 had a recorded yield of 76.1 
bushels per acre, 3 times the yield of plot 01. For these reasons 
it is difficult to understand the significant partial regression 
coefficients for NSD and NSD2 in the multiple regression equa­
tion. The overall regression, with an R2 of 0.23, was not sig­
nificant at the .05 level. 
The estimated model 8 relation between yields and NSD for 
three levels of stand, 8, 12, and 16 thousand plants per acre, 
for plots 00 and 01 are shown in Figure 20. The same regression 
equations were used in Figure 21 to show the relation between 
plot yields and stand for four levels of NSD—20, 30, 40, and 50. 
The figures show that as the weather becomes more favorable the 
stand effect upon yield increases. Assuming a drought season of 
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Figure 20. Estimated Agronomy Farm 4-year rotation plot 00 and 
01 corn yields on number of non-stress days in 9-
week period, 6B-3A, for stands of 8,000, 12,000, and 
16,000 plants per acre. Curves for plot 01 are 
based on equation 8, Table 13; plot 00 on equation 
8, Table 17; both evaluated at 1962. 
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Figure 21. Estimated Agronomy Farm 4-year rotation plot 00 and 
01 corn yields on stand for 20, 30, 40, and 50 non-
stress days in the 9-week period 6B-3A. Curves for 
plot 01 are based on equation 8, Table 13; plot 00 
on equation 8, Table 17; both evaluated at 1962. 
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20 NSD, from Figure 21 the estimated plot 01 yield increases 
from 20 bushels per acre with a stand of 6,000 to about 35 
bushels at 10,000 and 37 bushels at 12,000. Further increases 
in stand act to depress yields. With a favorable season of 50 
NSD, the estimated yields increase with stand from 55 bushels at 
6,000 plants per acre, to 95 bushels at 12,000, and 106 at 18,000. 
In an average season of 40 NSD, it would appear that stands of 
about 16,000 plants per acre provide the highest yields on both 
plots 01 and 00. It is believed that for each weather and fer­
tility level, the stand for maximum yield represents a balance be­
tween a plant population which will provide sufficient leaf canopy 
to cover the soil surface for most efficient use of soil moisture 
and light energy, and one in which competition between adjacent 
plants for moisture and light offsets the gain in leaf area. 
Contours of equal plot 01 yield, also called isoquants (40), 
are shown in Figure 22 for all combinations of stand and NSD with­
in the general envelope of observed data. The contours were drawn 
from the model 8 regression in Table 13 evaluated at 1962. The 
general elliptical pattern, with contours almost parallel to the 
stand axis and vertical to the NSD axis from 10 to 30 NSD, indi­
cate that yields increase rapidly with NSD in this area, and then 
less rapidly with stand becoming increasingly important from 30 
to 40 NSD. At 50 NSD yield increases are almost entirely due to 
stand, and unless stand is increased, the contours indicate yields 
may decrease with more non-stress days. This may be due to the 
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Figure 22. Agronomy Farm 4-year rotation plot 01 estimated 
corn yield contours—or isoquants—for indicated 
combinations of stand and number of non-stress 
days in the 9-week period 6B-3A. Yield estimates 
based on equation 8 in Table 13 evaluated for 1962. 
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parabolic form of the curve ; which, if providing an adequate fit 
for the rather sharp increase at low NSD and leveling off at 40-
50 NSD, may force the curve down at high NSD by its symmetrical 
nature. Certainly with favorable weather, other elements become 
more important than weather. Favorable weather for corn may also 
be favorable for disease and insects, which might provide a 
reason for decrease in yield. There may also be a weather-nutri-
ent interaction whereby some stress may be optimum in encourag­
ing more extensive root development and better exploitation of 
the nutrients and soil moisture which are available within the 
plant root zone. With very favorable weather—no moisture stress-
perhaps the roots are not able to realize the nutrient potential. 
Gregory (33), in commenting on Penman*s (79) study of weather and 
the growth of grass, observed that subsequent leaf growth depends 
on the rate of production of more leaves. When the plant is 
short of water, primordia are laid down without leaf expansion, 
nitrogen is accumulated in the plant, and when water becomes 
available those leaves expand rapidly. After a period of drought 
at high nitrogen levels greater growth was observed than before, 
and with a low nitrogen supply the rate of root growth, as com­
pared with shoot growth, was increased. 
The yield contours indicate that the same yield may be ob­
tained with various combinations of stand and non-stress days. 
For example, for plot 01 the same yield of 70 bushels per acre is 
estimated with 43 non-stress days and a stand of 8000 as with a 
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NSD of 31 and a stand of about 14,000. This higher yield with 
higher stands may be explained by the earlier formation of leaf 
area under normally more favorable weather conditions, and also 
upon an increased plant canopy for more efficient moisture use. 
With greater leaf area more of the net radiation is used for 
transpiration rather than evaporation from the soil surface. 
Dentnead e_t al^. (18) found that in a stand of 15,700 plants per 
acre, 25 percent of the net radiation measured above the corn 
crop was expended at the ground, and, with the work of Yao and 
Shaw (138), suggested closer row spacing—higher populations—for 
lower évapotranspiration, increased efficiency of water use, and 
higher yields. 
The isoquant chart for plot 00 yields on stand and NSD was 
very similar to that for plot 01 with the exception that yields 
were about 20 bushels lower. A contour chart of the differences 
between the estimated yields, plot 01 minus plot 00, is shown in 
Figure 23. The greatest differences seem to occur with favorable 
weather and low stands, although yield differences are substantial 
even with low NSD. For example, with a stand of 14,000 a season 
with 20 non-stress days will provide a plot 01 yield about 17 
bushels higher than the plot 00 yield, and with 50 NSD about a 
21 bushel difference. At a population of 6000 plants per acre 
and with 50 NSD the estimated plot 01 yield is about 26 bushels 
higher than that for plot 00. It is interesting to note that the 
average 30-year mean yield for plot 01 is 82.6 bushels per acre, 
Figure 23. Differences between estimated corn yields on Ag­
ronomy Farm 4-year rotation plots 00 (Control) 
and 01(8M) for indicated combinations of stand 
and number of non-stress days in the 9-week peri­
od, 6B-3A. Estimated yield differences based on 
equations 8 in Table 13 for plot 01 and Table 17 
for plot 00, evaluated for 1962. 
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and for plot 00, 71.6, with a difference of 11.0 bushels. The 
differences in estimated yields in Figure 23 are about double 
the difference between the yield means. This is due to the dif­
ference in trend between plots 00 and 01 of .8 bushel per year 
when the regression is evaluated at the end of the record period, 
1962. 
The differences between the estimated yields, plot 02 minus 
plot 01, are shown in Figure 24. The pattern of differences is 
primarily due to the lack of curvilinearity of stand in the plot 
02 regression. The isoquant pattern for plot 02 yields showed 
continually increasing yields with increasing stands at all lev­
els of NSD. The plot 01 yields rose faster and are shown in 
Figure 24 to be above plot 02 yields for low to moderate stands. 
With high stands plot 02 yielded higher than plot 01. The pat­
tern in Figure 24 is very similar to the differences found be­
tween the model 6 and model 8 estimates for plot 01 yields. 
A yield contour chart has been included for plot 01 yield on 
ETnsd and stand in Figure 25. The pattern is very similar to 
that found for nsd and stand. 
The yield contours and regressions on all figures were not 
drawn beyond the envelope of the observed data points, but the 
fertility trend superimposed upon the two levels of stand in the 
30-year period suggest that caution be used in extrapolating from 
these charts, and regressions. For example, stands of 8-10,000 
are well within the overall observed data envelope, but stands 
Figure 24. Differences between estimated corn yields on 
Agronomy Farm 4-year rotation plots 01(8M) and 
02(A-2M) for indicated combinations of stand and 
number of non-stress days in the 9-week period, 
6B-3A. Estimated yield differences based on 
equations 8 in Table 13 for plot 01 and Table 17 
for plot 00, evaluated for 1962. 
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Figure 25. Agronomy Farm 4-year rotation plot 01 estimated 
corn yield contours—or isoquants—for indicated 
combinations of stand and summation of inches 
évapotranspiration on non-stress days in 9-week 
period 6B-3A. Yield estimates based on equation 8 
in Table 18 evaluated in 1962. 
158b 
100 
ESTIMATED PLOT 
CORN YIELDS 
BU/ACRE 
Ol20 
<100 
2 4 6 
INCHES OF EVAPOTRANSPIRATION 
D A Y S  I N  P E R I O D  6 B - 3 A  
8 10 
NON-STRESS 
159 
have not been this low since 1952. Should stands be this low 
in 1964 the yield would be estimated 16 bushels lower than in 
1952. All that can be claimed for these regression equations is 
that they have been associated with about 80 percent of the 
variance in the 4-year rotation plot yields studied in the period 
1933-62. 
It is believed this study has shown the usefulness of NSD 
(or ETj^sd) as a single variable to represent the weather regime 
in examining the weather-stand interactions in the 30-year 
series of experimental plot corn yield data. It cannot be used 
for forecasting, not because of the NSD statistic, but because 
of the unevaluated trend estimates. These may be fairly realis­
tic for the 30-year series past, but may have no relation for 
the next 30 years. 
Multi-weather variable model If a method, using only 
readily available weather data, would estimate the experimental 
plot yields as well as the moisture stress concept, the simpler 
method should be used. The multiple regression equations of 
the Agronomy Farm plot 01 yield on stand and the weather vari­
ables used by Thompson (116) are given in Table 19. The re­
gression of the plot 01 yields on the 19 variables was asso­
ciated with .857 of the yield variance and a standard error of 
15.67 bushels per acre. The regression was significant at the 
.05 level, but only the partial regression coefficient for 
stand was significantly different from 0. The partial model, 
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Table 19. Multiple regression equations3 of Agronomy Farm 4-
year rotation plot 01 corn yield on indicated vari­
able for 30-year period, 1933-62 ; models patterned 
after Thompson (116) with added stand term 
Variable*3 Complete model Partial model 
"Constant" 985. ,3342 -5592. ,6483 
Years -1.  ,5005 — 0 a .9675 
Stand 0. ,6400* 0. 4516* 
Pre-season precipitation 7. ,4157 10. 3847 
(September-May) 
June precipitation —28 « .8954 
Mean temperature -45. ,3384 69. 7940* 
Precip x temp 0. ,6418 
July precipitation 43. ,9565 75. 5950 
Mean temperature 87. 5100 102. 7865 
Precip x temp -0.  ,5206 -0.  9697 
August precipitation -11. 3664 
Mean temperature -70. 9197 -17. 7092 
Precip x temp 2 0. 1479 
(Pre-season precip) -0.  1683 -0.  .2452 
(June precip)2 -1,  .0072 
(June temp)2 0, .3013 -0.  5082* 
(July precip)2 -0, .3133 -0,  .1532 
(July temp)2 -0,  .5801 -0,  .6697 
(August precip)2 -0,  .0527 
(August temp)2 0, .4779 0, .0993 
Multiple R2 .8566 .7839 
SS due to regression 14676.592 13430.451 
Degrees of freedom 19 13 
Error mean square 245.660 231.421 
Standard error 15.674 15.213 
F ratio 3.144* 4.464** 
aSee footnote on Table 13 for explanation of regression 
equation presentation. 
bCoded variables used were: Yield: equivalent hybrid 4570 
rounded to nearest bushel per acre ; year : last two digits, 
1962 = 62; stand: nearest 100 stalks per acre, 16,000 = 160; 
precipitation: inches and hundredths, 7.42 ; mean temperature : 
degrees Fahrenheit and tenths, 74.3. 
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using 13 variables, was significant at the .01 level. The par­
tial regression coefficients for stand, and the linear and 
squared June mean temperature terms were significant at the .05 
level. It is interesting to note that the fertility trend, al­
though non-significant, was estimated at -1.5 bushels in the 
"complete model" and -1.0 in the "partial model." 
Although the multi-weather variable model is associated 
with more of the variance in the.yield series than the NSD mod­
el, so many degrees of freedom have been expended in fitting the 
regression that the standard error is larger than those found 
for any of the NSD models in Table 13. It is not known how much 
of the variance was associated with the stand term, but for a 
fair comparison, stand had to be considered since it provided 
valuable information for the NSD study. A definite disadvantage 
of the multi-weather variable model is that there is no room for 
other technology or weather-technology interaction variables. 
Stand had to be added as a linear term rather than interaction, 
simply because it was impossible to include interactions with all 
of the weather variables. It is also difficult to portray, un­
derstand, or interpret the meaning of the partial regression co­
efficients with such a large number of intercorrelated variables. 
Interpretation is difficult enough with only 3 or 4 variables. 
It is believed that there is more potential in agronomic use of 
the NSD approach than the multi-weather variable model, despite 
its mechanical simplicity. 
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Application: Western Iowa Experimental Farm, Castana 
The regression equations computed for an independent check 
of the NSD variable as an estimator for the Castana 4-year CCOM 
rotation plot yields are shown in Table 20. Since there were 
only 9 years of record, 1954-62, and the 7- and 10-year esti­
mated trends at Ames had been so variable, trend was omitted 
from the regression model used at Castana. This model then in­
cluded only NSD, NSD2, and NSD x stand. Only the regressions 
using 6B-3A NSD are shown. The replicated treatments were: 
Control (ck); 8 tons of manure applied once in 4 years (8M) ; 
and 8 tons of manure with phosphate as needed (8 MP). 
Simple correlation coefficients of the 8MP corn yields 
with 6B-3A NSD and 5B-5A NSD were .65 and .68, respectively. As 
at Ames, when the squared NSD and NSD x stand interaction terms 
were included, the multiple correlation coefficients were slight­
ly higher for the 6B-3A NSD, .82 compared to .78 for 5B-5A. None 
of the regressions or partial regression coefficients was sig­
nificant at the .05 level probably due to the small sample. 
A scatter diagram for the Castana CCOM 8 MP plot yields on 
6B-3A NSD is shown in Figure 26 with the regression curve evalu­
ated at 12,000 plants per acre. Although stands varied in the 
9-year period from about 9,900 in 1958 to 15,800 in 1954, the 
regression estimated practically no yield effects from stand, 
and the curve shown for a stand of 12,000 can also be considered 
that for 16,000 plants per acre. 
Figure 26. Scatter diagram of second-year corn yields from 
4-year- rotation C-C-O-M plot 8MP on number of non-
stress days in 9-week period, 6B-3A, at the Western 
Iowa Experimental Farm, Castana, 1954-1962. Solid 
line is regression equation for plot 8MP in Table 
20, evaluated for a stand of 12,000 plants per acre. 
For comparison, regressions for Ames Agronomy Farm 
are included as dashed lines: lower regression is 
equation 8 in Table 13 evaluated at 1962 and a 
stand of 12,000; upper regression is Yqi = -26.91 + 
4.64 NSD - 0.0329 NSD2 - 0.0019 NSD x stand for a 
stand of 12,000. 
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The two dashed curves on Figure 26 represent both the 30-
year Agronomy Farm CCOM plot 01 (8M) regression and one prepared 
for plot 01 from the 10-year period 1953-62 at Ames using the 
same model as that for Castana. The multiple regression equa­
tion was: Y01 = -26.91 + 4.64 NSD - .0329 NSD2 - .0019 NSD x 
stand. This Ames 10-year regression (without trend) was signifi­
cant at the .05 level and showed negative effect from stand. 
Table 20. Multiple regression equations3, of Castana Western 
Iowa Experimental Farm 4-year rotation CCOM plot 
corn yields on indicated variables, 1954-62 
Variable Check 
Plot treatment 
8M 8MP 
Constant , -8.1451 -5.5106 -62.3776 
NSD 0.9623 2.1532 7.1576 
NSD2 -0.0088 -0.0281 -0.0795 
NSD x stand -0.0003 0.0078 -0.0007 
r2 
.4159 .5470 .6670 
Standard error 5.883 18.691 18.422 
F ratio 1.187 2.012 3.335 
aSee Table 13 for explanation of format. 
The curve for 16,000 would have been slightly below the 12,000 
regression shown on the Castana diagram. The similarity be­
tween the Ames and Castana curves suggests that with the appro 
priate soil moisture estimates and 9jl curves, NSD may be a 
normalized variable comparable from one area to another. 
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Application: Story County, Central Crop Reporting District, 
and state 
The multiple correlation coefficients of the average yields 
for Story County, the Central Crop Reporting District, and the 
state of Iowa, with different weather variables are shown in' 
Table 21. Although the use of weather data from a single sta­
tion, Ames, is not definitive beyond Story County, it was sur­
prising to observe that after the initial expected drop in the 
correlation from Plot 01 to Story County, that the correlation 
increased with size of area for which the yield was estimated. 
For example, for 6B-3A NSD, R = 0.73 for Story County, 0.74 
for the Central District, and 0.86 for the state. All of the 
regressions were significant at the .01 level. 
Correlations of yield with 5B-5A NSD were slightly higher 
than with the other variables in all areas, but there was not a 
great deal of difference between any of them. Phenological 
period precipitation from Ames was as good an indicator of the 
area yields as the moisture stress variables. The multi-weather 
variable model (Thompson, 116) was also used to estimate the 
area corn yields from the Ames Weather data. The multiple R's 
from this model are also shown in Table 21. These regressions, 
with 18 weather variables, became significant at the .05 level 
for the Central District, and at the .01 level for the state. 
Scatter diagrams for the Story County, Central District, 
and state average corn yields on Ames 6B-3A NSD are shown in 
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Figures 27, 28, and 29. Although curvilinearity of the mois­
ture stress variables was not significant at the .05 level in 
any of the regressions, the quadratic model is shown on the 
scatter diagrams, evaluated for both 1933 and 1962, the first 
and last years on which the regressions are based. 
Table 21. Multiple correlation coefficients of area average 
corn yields with indicated weather variables 
6B-3A 5B-5A Thompson multi-
weather variable 
model 
Area NSD ETNSD Precip. NSD 
Story Co. .73** .70** .71** .76** O 0
0 
• 
Central crop.74** 
Report.Dist. 
.72** .76** .78** .92* 
State of 
Iowa .86** .84** .87** .88** .97** 
The regression equation for Story County yield on 6B-3A 
NSD was: 
Y = 10.65 + 0.256 year + 1.35 NSD - 0.011 NSD2. 
The regression was associated with 0.527 of the variance in the 
yield series. None of the partial regression coefficients were 
significant. The standard error from regression was 9.56 bushels 
as compared to the standard deviation of the county average 
yields of 13.16 bushels per acre. 
The regression equation for the Central District average 
corn yield on 6B-3A NSD was : 
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Figure 27 Story County average hybrid corn yields on number 
of non-stress days in 9-week period, 6B-3A, at 
Ames, Iowa, 1933-1962. 
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Figure 28. Iowa Central Crop Reporting District average hy­
brid corn yields on number of non-stress days in 
9-week period, 6B-3A, at Ames, Iowa. 
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Figure 29. Iowa state average corn yields on number of non-
stress days in 9-week period 6B-3A at Ames, Iowa, 
1933-1962. 
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Y = 12.48 + 0.391 year + 0.916 NSD - 0.0057 NSD2. 
This equation was associated with 0.549 of the variance in the 
Central District corn yields. None of the partial regression 
coefficients was significant, and the standard error from re­
gression was 8.87 as compared to the standard deviation of 12.50 
bushels per acre. 
The regression equation for the state average corn yield 
on Ames 6B-3A NSD was: 
Y = -12.39 + 0.717 year + 1.176 NSD - 0.0096 NSD2. 
This equation was associated with 0.740 of the state yield va­
riance. The standard error from regression was 7.11 compared 
to the standard deviation of 13.22 bushels per acre. The par­
tial regression coefficient for years was significant at the .01 
level and that for NSD to the .05 level. The higher estimate 
for "technology" by the trend coefficient for the state average 
yield undoubtedly is largely due to not adjusting the state 
yields for hybrids. This hybrid effect for the state is then 
confounded with all other unmeasured factors in trend. 
Since the Ames NSD variable has already lost its advantage 
over phenological precipitation at the Story County level, where 
it should still be representative, it appears at this time that 
the moisture stress concept has more local than areal potential. 
The partial regression coefficient for the linear precipi­
tation term was significant at the .01 level, and the squared 
term significant at the .05 level for all three areas. The 
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coefficients for the moisture stress variables became signifi-
cant at the .01 level when the squared weather term was removed. 
Curvilinearity of regression was significant only for precipi­
tation. precipitation regression equations were as follows: 
Story County Average yield = -1.76 + 0.589 year + 7.218 precip. 
-0.333 precip2, 
Standard error = 9.73 
Central District average yield = -3.64 + 0.679 year + 6.492 
precip - 0.292 precip2, 
Standard error =8.56 
State average yield = -22.54 + 1.011 year + 5.65 precip 
- 0.236 precip2, 
Standard error = 6.87. 
It is surprising that with the variability of summer show­
ers, precipitation measured at one station seemed so effective 
in estimating average Iowa yields over the 30-year period, 1933-
62. Apparently, the weather sampling at Ames for a season can 
be regarded as a "large sample". The many environmental and bi­
ological interactions reflected in corn yields on individual ex­
perimental plots and in small areas seem to average out as the 
area increases to finally reflect primarily the overall weather 
effect. 
All 30 years were used in regressions. The location of 
several of the years on the scatter diagrams probably can be 
explained by conditions other than moisture stress. For example, 
on the state diagram, Figure 29, the years with about 10 percent 
or more soft corn"*" are indicated. Shaw questioned the repre-
lAs interpreted from Iowa Weekly Weather and Crop Report, 
(47). 
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sentativeness of the average corn yields in 1956In this 
drought year, the Soil Bank Program was started after it was ap­
parent many fields of corn would never make it. These fields 
went into the Soil Bank and the average yield may reflect just 
the better corn yields. Without these points there would ap­
pear to be even less curvilinearity in the yield-NSD relation. 
Climatology of Selected Favorable and Unfavorable 
Conditions for Corn 
Favorable conditions for the growth and development of 
corn are considered those which place no moisture stress upon the 
plant. Climatic conditions which cause moisture stress in the 
plant are considered unfavorable. Moisture stress can occur with 
high soil moisture and high atmospheric demands, or with low soil 
moisture and low atmospheric demands, or with many combinations of 
these. A climatology of either soil moisture or weather may be 
indicative of critical periods, but is not definitive of moisture 
stress unless the two distributions are considered jointly. 
The joint distributions of soil moisture and atmospheric 
moisture demands are empirically reflected in the 30-year record 
of stress days. While the regressions were carried out with non-
stress days for the advantages of comparing the yield response 
curves of NSD with those of ETjjsd and other energy variables on 
non-stress days, the climatology is presented in the number of 
stress days. Since stress days are always based on a certain 
*Shaw, R. H., Ames, Iowa. Soil Bank effect in 1956. Pri­
vate Communication. 1963. 
173 
length of period, the number of non-stress days is simply the 
complement of the number of stress days in that period. 
The estimated number of stress days for each week from 7B 
to 6A from 1933 to 1963 are shown in Appendix Table 28. Fig­
ure 30 shows the 10, 20, 40, 60, and 80 percent chance of hav­
ing the indicated number or more moisture stress days in each 
week at Ames, Iowa. The probabilities are based on the 30-year 
record, 1933-62, and for a soil having a 9-inch AFC and the 
curve shown for Nicollet silt loam in Figure 10. The average 
number of stress days is also shown in Figure 30. In week 5B, 
the chances are 10 percent that 3 or more moisture stress days 
will occur and 40 percent that at least 1 stress day will occur. 
The average number is 1.0. In week 2B, the curves show there 
wi 11 be 7 stress days about 1 year in 5 (20 percent); about 8 
out of 10 years will have at least 1 stress day in this week. 
The average number of stress days is 3.8. There is relatively 
little chance of stress before week 5B, but the probability 
increases rapidly to an average 3-4 stress days each week 
from week 2B to 3A. The extremes with the years in which they 
occurred can be obtained from Appendix Table 28, which provides 
the number of stress days for each week from 7B to 6A from 1933 
to 1963. The year 1963, however, is not included in the fre­
quencies or means. 
The frequencies in Figure 30 show the irregularities which 
might be expected with a discrete variable and a short period of 
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Figure 30. Chances of having indicated number or more moisture stress days for corn 
in each phenological week, from 7 weeks before date of 75 percent silk­
ing to 6 weeks after. Frequency estimates for corn on NiccfflLet silt loam 
with 9.0 inches available field capacity, over 30-year period, 1933-1962, 
Ames, Iowa. 
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record, but the observed frequencies were used rather than as­
suming any particular theoretical distribution. Since there is 
considerable dependency of stress days within a weelc, the dis­
tribution was not a simple binomial one as shown in Table 22. 
Table 22. Comparison between theoretical binomial ^ distribution 
and observed frequencies of stress days for weeks 5B 
and 2B for the 30-year period, 1933-62, at Ames, Iowa 
Week Frequency P (stress day) Number of days in week with stress 
0 1 2 3 4 5 6  7  
5B 
Theoretical 
binomial .147 10 12 6 2 0 0 0 0 
5B Observed 17 7 1 3 0 0 1 1 
2B Theoretical 
binomial .538 0 1 4 8 9 6 2 0 
2B Observed 4 5 2 3 2 4 3 7 
Figure 31 shows the probability of having a specific number 
or less of non-stress days in the period 6B-3A. The cumulative 
frequencies were smoothed by eye and represent no theoretical 
distribution. Although the number of NSD are bounded at 0 and 
63, the fewest number of NSD was 11 in 1934, and the highest 
number observed was 61 in 1958. The cumulative curve, when plot­
ted on normal probability paper, appeared to follow the normal 
distribution up to about 55 days, after which it departed sharply, 
as might be expected with a bound at 63. The curve indicates 
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Figure 31. Chance of having indicated number or less non-stress days for corn in 
the 9-week period, 6B-3A, on Nicollet silt loam with 9.0 inches avail­
able field capacity,. Ames, Iowa, based on 30-year record, 1933-1962. 
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that about once in 10 years 18 or fewer NSD can be expected in 
the 6B-3A period. In Figure 15 30 NSD appeared to be an approxi­
mate weather threshold on plot 01, below which yields were 
almost certainly decreased by moisture stress. The probability 
of having 30 or less NSD is estimated at 28 percent, or a little 
more than once in 4 years. Figure 20 shows the yields on both 
plots 00 and 01 are still increasing rapidly from 30 to 40 NSD 
for all stand levels. About half of the years have a total of 
40 NSD or less. This may be somewhat surprising when it is re­
called that Iowa is often considered near an ecological optimum 
for the corn crop. 
The average seasonal drawdown of soil moisture in the top 
five feet of profile, expressed in percent AFC, is shown in 
Figure 32 for each of the budget estimates beginning with the 
nine assumed April starting soil moisture profiles. The aver­
ages are connected by straight line segments, rather than a con­
tinuous curve, to indicate that the 30-year averages were pre­
pared only for the 1st and 15th of each month. Even then they 
provide a nearly smooth curve. The final soil moisture estimate, 
November 30, is indicated on the chart to show the soil moisture 
recharge in the fall. 
The soil moisture curves starting at 100, 60, and 20 percent 
AFC retain their position through the season, but the initial 80 
percent difference between the 100 and 20 percent April 1 start­
ing profiles decreased by September 15 to about 25 percent for 
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Figure 32. Seasonal march of mean estimated percent available 
soil moisture (percent AFC) in the top five feet of 
profile for available field capacities of 12, 9, 
and 6 inches of water ; and for each, April 1 start­
ing soil moisture profiles of 100, 60, and 20 per­
cent AFC. Ames, Iowa, 1933-1962. 
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the 12-inch capacity, 14 for the 9-inch, and 5 for the 6-inch 
AFC. Thus, under the climatic regime at Ames, it appears that 
any differences in soil profile moisture in the spring tend to 
decrease through the season. This results from the decreased 
ET from soils with low moisture content, and the capacity for 
the dry soils to store more moisture during the spring recharge. 
The wetter soils may be already at field capacity and unable 
to hold more moisture. 
All nine curves show that soil moisture has been recharged 
to 49-72 percent AFC by November 30, which is about the average 
date the soil freezes. From this it appears that the curves for 
the April 1 starting 60 percent AFC level probably are very close 
to the normal seasonal march of soil moisture in central Iowa. 
This "normal" curve for the 9-inch AFC shows a soil moisture 
spring recharging increase to about 80 percent AFC on June 15. 
Soil moisture decreases slightly to July 1, and then rapidly, 
with increasing moisture use by corn, to less than 50 percent 
AFC after August 1, which is near the average date of silking. 
Corn usually does not use the moisture from the entire 
five-feet profile until after August 1. Figure 33 shows the 
moisture curve within the corn root zone."1" In May and June the 
•®"The corn root zone in the soil moisture budgeting process 
is considered to be in the top 6 inches to June 7, in the top foot 
to June 14, the top 2 feet to June 27, 2f feet to July 4, 3 feet 
to July 11, 3§- feet to July 18, 4 feet to July 25, 4|r feet to 
August 1, and 5 feet after August 1 (94), but this pattern of 
root growth shifts with the phenological calendar. 
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Seasonal march of mean estimated percent available 
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for 5-feet soil profile available field capacities 
of 12, 9, and 6 inches of water; and for each, 
April 1 starting soil moisture profiles of 100, 60, 
and 20 percent AFC. Ames, Iowa, 1933-1962. 
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corn root zone is very shallow, and the initial April 1 start­
ing soil moisture profile has little to do with the soil 
moisture in the active 6-inch surface layer at this time. 
There is practically no difference in percent available with­
in the corn root zone (surface 6 inches) on June 1. By June 
15, with the root zone to 2 feet, the difference has increased. 
The difference in percent available moisture in the corn root 
zone between the starting 100 and 20 percent AFC budgets is 
about 20 percent or less through the entire season for the 9-
inch AFC, 10 percent or less for the 6-inch AFC, and 35 percent 
or less for the 12-inch AFC. The average percent AFC curves 
are identical to those of Figure 32 after August 1 since the 
corn root zone is identical with the five feet profilé. There 
is some indication that a soil moisture deficit on a 12-inch 
AFC soil is more difficult to erase than deficits on soils 
with 6- or 9-inch AFC. The 12-inch AFC curve, starting with 
an April soil moisture of 20 percent AFC, never rose above 
the 50 percent AFC level in Figure 32 and only in June and 
early July in Figure 33. 
For the assumed 9-inch AFC profile, frequencies of 80, 
60, and 40 percent or less AFC in the corn root zone were pre­
pared for the 1st and 15th of each month from June 1 to Sep­
tember 15 using each of the three April starting levels. The 
cumulative frequency points were connected by line segments 
and are shown in Figure 34. No theoretical frequency was as-
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cent AFC. Ames, Iowa, 1933-1962. 
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s timed. The curves for the 60 percent AFC starting moisture 
profile on April 1, show the chance of having 60 percent 
available soil moisture or less in the corn root zone increased 
from about 0.20, or once in 5 years, on June 15 to 0.70 on Aug­
ust 1 and about 0.85 on August 15. The probability of having 
40 percent or less AFC in corn root zone on August 1 is about 
0.40. These curves represent the probability of soil moisture 
supply. 
The probability of moisture demands was estimated from 
evaporation pan data. The average daily evaporation pan loss 
based on the 30-year period of record at the Ames Agronomy 
Farm is shown as the dashed line in Figure 3 5. This shows a 
rapid increase in evaporation the first two decades in April, 
from about 0.10 inch on April 1 to about 0.19 inch the last 
week in April, There is then a more gradual increase to a 
maximum daily average evaporation loss of about 0.28 inch the 
middle of July. The daily pan evaporation then decreased al­
most linearly to about 0.12 inch on October 15. 
The chances of daily pan evaporation equalling or ex­
ceeding indicated evaporation amounts are shown in Figure 35 
for the 10, 20, 40, 60, 80, and 90 percent levels. The proba­
bility curves were smoothed by eye from the plotted cumulative 
frequencies* of 30 observations for each of the days from April 
•^Frequencies were tabulated by 0.02-inch class intervals: 
.00—.01, .02—.03,.... 
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through October. The curves show the same seasonal pattern 
as the mean. On April 1 the daily evaporation equaled or ex­
ceeded 0.06 inch about 6 out of 10 years, and equaled or ex­
ceeded 0.24 inch about 1 in 10 years. The frequency curves 
reach a high plateau in July. On July 15, about 6 out of 10 
years will have daily evaporation amounts equaling or exceed­
ing 0.25 inch, and about 1 year in 10 has daily evaporation 
amounts of 0.40 inch or greater. At the end of September, 
the 60 percent probability curve shows a daily loss of 0.12 
inch or greater and the 10 percent curve about 0.24 inch or 
greater evaporation. 
The seasonal evaporation probability curves can be con­
verted to curves showing the probability of ©tL> the amount 
of soil moisture required to prevent the corn plant from los­
ing turgor. Evaporation can be expressed as ETpç. by means of 
the ETpQ/evaporation ratio curve (94). The estimated ETpQ value 
can be used to obtain the estimated 0TL from the function, 
©TL = f(ETpç) shown in Figure 10. For example, on August 1 
from Figure 35 the probability is 20 percent that the daily 
evaporation will equal or exceed 0.34 inch. Assuming an av­
erage silking date for corn, the ETpQ/evaporation pan ratio is 
about 0.82 on August 1, which indicates that an ETpQ of 0.28 
inch will be equaled or exceeded about 1 year in 5. Converse­
ly, 4 out of 5 years will have less ETPq than 0.28 inch. In 
Figure 10 the soil moisture required to maintain turgor with an 
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ETpc of .28 inch is about 88 percent AFC. Therefore, a root 
zone soil moisture of 88 percent AFC would be sufficient on 
August 1 4 out of .5 years. In this manner, estimates of Ô^L» 
or the percent AFC needed in the corn root zone to prevent 
moisture stress in corn, were graphed for the 90, 80, 60, and 
40 percent probability levels in Figure 36. The solid line 
curves are based on the Colo ôjL* Probabilities for were 
also prepared using the Nicollet adjusted curve and are 
shown on Figure 36 as dashed lines for the 80 and 40 percent 
probability levels. These curves show the effect of different 
soil moisture tension characteristics on the probabilities of 
moisture stress. The 80 percent 9-j-l curve indicates soil mois­
ture in the corn root zone need not be more than 25 percent 
AFC in early June 4 years out of 5. This same 80 percent @TL 
curve increases rapidly in late June and July to show that 88 
percent AFC is necessary on August 1 to insure turgor 4 out 
of 5 years. The "80 percent safe ©xl" is above 50 percent AFC 
for the months of July and August. The "normal" 9-inch 60 
percent AFC curve in Figure 33 shows the average soil mois­
ture in the corn root zone is less than 50 percent AFC after 
August 1, illustrating the moisture stress potential upon the 
corn crop. 
In Figure 36, the probability curves for the Nicollet 
and Colo soils show that with moderate evaporation conditions 
the Nicollet soils require about 10 percent less AFC for the 
Figure 36. 
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same atmospheric energy level. Assuming equal albedo from 
the two soils, the Nicollet would appear less "droughty". 
At high atmospheric moisture demands, there appears to be no 
difference between the two soils. 
At least two considerations caution against using the 
evaporation and soil moisture distributions to estimate stress 
days as conditional probabilities : (1) persistence of low 
soil moisture or dependency of the data series, and (2) fail­
ure to consider the alternate use of the top foot in the pre­
sentations of percent available moisture in the corn root zone. 
Otherwise probabilities could be computed on the basis of 
P(A and B) = P(A) P(Bj A). For example, from Figure 34 for the 
60 percent starting soil moisture profile, the August 1 esti­
mated root zone soil moisture averaged 60 percent AFC or less 
in 7 out of 10 years. A of 60 percent AFC is equivalent 
to about .0.20 inch ETpç or a pan evaporation on this date of 
0.24 inch. From Figure 35 the probability of 0.24 inch evapo­
ration or greater on August 1 is about 50 percent. Thus, the 
probability of a stress day with this combination on August 1 
would be P(Stress Day) = P(6^60% AFC) P(6TL>60% AFC J 6^6,0% AFC) 
= (0.70) (0.50) = 0.35.' The best estimate of stress day proba­
bilities, however, are considered to be those derived from the 
actual frequencies of estimated stress days in Figures 30 and 
31. 
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SUMMARY AND CONCLUSIONS 
The literature which has been reviewed presented over­
whelming evidence for the need to consider weather in agricul­
tural experimentation. The primary purpose of this study has 
been to find a single atmospheric-soil moisture stress variable 
which is correlated with final corn yield. It is hoped that the 
use of this moisture stress variable will facilitate and en­
courage the consideration of weather with other environmental 
and technological factors in agricultural research and extension. 
The consideration of the weather will help evaluate the spatial 
and temporal representativeness of experimental results. 
Two atmospheric-moisture stress variables were found to be 
highly correlated with unreplicated plot corn yields from second 
year corn,in the 4-year rotation experiment, corn-corn-oats-
meadow, at the Iowa State University Agronomy Farm, Ames, Iowa. 
One of the variables was the number of days on which the corn 
was estimated to be under no moisture stress, in the period 6 
weeks before to 3 weeks after date of silking. The estimation 
of moisture stress or no moisture stress conditions was based 
on the experimental relation found by Denmead and Shaw (19), 
©TL = f (ETpc), where 0^ is the percent available soil moisture 
below which the corn plant loses turgor. The amount of avail­
able soil moisture at the turgor loss point depends upon the at­
mospheric demands or the évapotranspiration at field capacity, 
ETpc. The ETpQ was estimated from the daily evaporation from a 
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Weather Bureau class A evaporation pan. An energy variable 
found to be effective in estimating plot yields was the summa­
tion of the potential évapotranspiration (ETpç) on non-stress 
days in the same 9-week period, 6B-3A. 
Regression models utilizing the linear and quadratic terms 
for either of these weather variables, linear and quadratic 
terms for stand (the number of corn plants per acre), interac­
tion between weather and, stand, and trend, were associated with 
more than 80 percent of the variance in the experimental plot 
yields. An abbreviated regression model, utilizing stand only 
in the interaction term, was used to compare the weather-yield-
stand relations on plots with less than 30 years of record. 
This abbreviated model was associated with almost as much of 
the plot yield variance as the "full model" but did not allow 
for the curvilinear effect of stand. All regressions showed an 
almost linear increase of plot yields with number of non-stress 
days up to about 30 and a "leveling-off" at about 50 NSD. In­
creases in yields at high NSD, or with favorable weather, were 
attributed almost wholly to stand increase. 
While yield variability, due to fertility differences, was 
minimized by studying the weather-stand relations within plots 
on which the treatment had remained the same over the 30-year 
period of record, the partial regression coefficient for trend 
indicated a significant residual fertility decrease. This av­
erage fertility decrease, as measured in plot corn yields, over 
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the 30-year period was estimated at about 1.3 bushels per year 
for a treatment which consisted of 8 tons of manure applied 
f 
once every four years in the fall to meadow for first-year corn. 
The average fertility trend decrease on the control plot which 
received no manure, was estimated at almost 2 bushels per acre 
per year. 
The evaluation, and interpretation of fertility trend in 
the yield series is believed to be the greatest problem in this 
weather and corn yield study and in the replication of treatments 
in time. The estimate of trend due to fertility decrease, or 
any confounded technology trend, is only as good as the selec­
tion of variables in the multiple regression equation. 
Another major problem in this, and probably any other 
weather-plot-yield study, was the extreme variability in the 
soil moisture characteristics between plots, both horizontally 
and in profile depth. Although the soil moisture characteris­
tics even on glacial till may display a reasonable pattern, the 
variability about this pattern suggests that the soil moisture 
characteristics should be documented for each experimental plot 
for which definitive plant-soils-weather relations are desired. 
Lack of homogeneity in the experimental corn yield and 
stand series was found to be another problem in studying weather 
and plot corn yield relations. While the yields were adjusted 
to the equivalent of those for hybrid Iowa 4570, this did not 
insure against hybrid-weather interactions in the 30-year period. 
It was also found necessary to estimate the experimental plot 
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corn stands for the period 1939-1952. The state average silking 
dates were used to approximate those for the experimental plots. 
The yield, stand, and silking date estimates all provide addi­
tional sources for experimental error and suggest that the im­
portant phenological data necessary to properly consider the 
weather effects in agricultural experimentation are too often 
missing. 
The period 4 and 5 weeks before the date of 75 percent 
silking appeared to be as moisture stress critical as any in 
the growth and development of corn. Summation of the weather 
variable over the period 6 weeks before to 3 weeks after silking 
provided the highest multiple correlation coefficients with 
plot yields. 
The moisture stress concept seemed to apply equally well 
to experimental plot corn yields at the Western Iowa Experimen­
tal Farm at Castana. The number of non-stress days at Ames were 
found to be significantly correlated with average corn yields 
in Story County, the Central Crop Reporting District, and the 
state of Iowa. This NSD variable, which correlated so well with 
experimental plot yields, did not seem to offer the same advan­
tage over other weather variables when applied to larger areas. 
In fact, phenological period rainfall for Ames provided about the 
same correlations as NSD with the Story County, Central Crop Re­
porting District and Iowa average corn yields. 
The climatology of stress days indicated that Iowa corn 
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yields probably are decreased in most years by moisture stress 
conditions. With a 30-year average of 40 NSD at Ames on Nicol­
let soil with an available field capacity of 9 inches, stands of 
14,000-16,000 plants per acre seem to be sufficiently high for 
second-year corn in a 4-year rotation receiving 8 tons or less 
of manure per acre every 4 years. The 30-year frequency of 
daily evaporation indicates that for corn to escape moisture 
stress conditions in 4 out of 5 years on any day from mid-July 
to mid-August the soil moisture in the corn root zone has to be 
at least 85 percent of the available field capacity. The daily 
root zone soil moisture in this period is shown to be less than 
60 percent AFC in more than half of the years, illustrating the 
moisture stress potential in the heart of the corn belt. 
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APPENDI 
Table 23. Soil moisture profile and date of measurement, Ames Agronomy Farm 1954-
55; Beech Avenue plots 1956-62, Ames, Iowa 
Year Date Soil profile depth, feet 
measured. 0-j- j—1 1-1§~ 1&-2 2-2§- 2^—3 3-3g- 3|— 4 4-4^- 4|—5 
1954 6/7 0.50 0.50 0.20 0.20 0.45 0.45 0.70 0.70 0.75 0.75 
7/9 0.15 0.15 0.30 0.30 0.55 0.55 0.80 0.80 0.75 0.75 
1955 4/9 0.40 0.40 0.40 0.40 0.80 0.80 0.75 0.75 0.75 0.75 
7/16 0.65 0.65 0.70 0.70 0.70 0.80 0.80 0.80 0.80 0.80 
1956 4/5 0.35 0.35 0.10 0.10 0.15 0.15 0.25 0.25 0.30 0.30 
7/31 0000 0 00 0 0.25 0.25 
1957 3/28 0.80 0.80 0.55 0.55 0.35 0.35 0.25 0.25 0.30 0.30 
6/4 0.60 0.60 0.6 5 0.65 0.55 0.55 0.65 0.65 0.60 0.60 
1958 6/9 1.00 1.00 0.80 0.80 0.85 0.85 0.85 0.85 0.85 0.85 
8/6 0.60 0.60 0.65 0.65 0.70 0.70 0.70 0.70 0.70 0.70 
1959 4/6 1.00 1.00 0.80 0.80 0.85 0.85 0.85 0.85 0.85 0.85 
8/14 0.30 0.00 0.40 0.40 0.45 0.45 0.55 0.55 0.70 0.70 
1960 4/15 0.90 0.90 0.80 0.80 0.80 0.85 0.85 0.85 0.85 0.85 
7/26 0.30 0.30 0.45 0U45 0.80 0.80 0.85 0.85 0.85 0.85 
1961 4/19 1.00 1.00 0.80 0.80 0.85 0.85 0.85 0.85 0.85 0.85 
8/7 0.85 0.85 0.60 0.60 0.55 0.55 0.70 0.70 0.80 0.80 
1962 4/23 0.90 0.90 0.80 0.80 0.75 0.75 0.75 0.75 0.85 0.85 
8/8 0.50 0.50 0.50 0.50 0.35 0.35 0.35 0.35 0.65 0.65 
Table 24. Assumed available field capacities and April 1 starting available soil 
moisture profiles for water balance estimates of daily soil moisture 
Profile level feet o-i i-i i-ii 1&-2 2§—3 3-3§- 3^-4 4--4f 4 J-5 
Total ; profile 
12 inches AFC 
Percent AFC Inches 
100% 12.00 1.2 5 1.25 1.25 1.25 1.20 1.20 1.15 1.15 1. 15 1.15 
60%a 7.20 1.25 1.25 0.87 0.87 0.40 0.40 0.40 0.40 0. 68 0.68 
20 %a 2.40 0.44 0.44 0.26 0.26 0.14 0.14 0.13 0.13 0. 23 0.23 
9 inches AFC 
100% 9.00 1.10 1.10 0.85 0.85 0.85 0.85 0.85 0.85 0. 85 0.85 
60% 5.40 1.00 1.00 0.59 0.59 0.30 0.30 0.30 0.30 0. 51 0.51 
20% 1.80 0.33 0.33 0.20 0.20 0.10 0.10 0.10 0.10 0. 17 0.17 
6 inches AFC 
100% 6.00 0.80 0.80 0.55 0.55 0.55 0.55 0.55 0.55 0. 55 0.55 
60% 3.60 0.66 0.66 0.40 0.40 0.20 0.20 0.20 0.20 0. 34 0.34 
20% 1.20 0.22 0.22 0.13 0.13 0.07 0.07 0.07 0.07 0. 11 0.11 
^Distribution of 20 and 60 percent available soil moisture levels within 
profile prorated on basis of average lowest available moisture measurements at 
all Iowa soil moisture survey site-years. 
Tablt 
Year 
1933 
1934 
1935 
1936 
1937 
1938 
1939 
1940 
1941 
1942 
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25. Assumed April 1 starting soil moisture profile in 
percent available field capacity for 9-inch AFC, 
Agronomy Farm, Ames, Iowa, 1933-1962 
Assumed Year Assumed Year Assumed 
April 1 April 1 April 1 
starting starting starting 
percent AFC percent AFC percent AFC 
100 1943 100 1953 60 
60 1944 100 1954 20 
100 1945 60 1955 100 
100 1946 60 1956 20 
60 1947 100 1957 60 
20 1948 100 1958 100 
20 1949 60 1959 100 
20 1950 60 1960 100 
60 1951 20 1961 100 
100 1952 100 1962 100 
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Table 26. Agronomy Farm 4-year rotation plot corn yields ad­
justed to equivalent of Iowa 4570 yields to nearest 
bushel per acre, Ames, Iowa, 1933-62 
Year 00 01 02 
4-yr 
03 
rotation 
04 
plot yields 
05 06 07 10 
1933 67 71 73 85a 86a 63 
34 26 23 24a 18 
35 44 63 6 5a 80a 77 
36 40 39 39 36 36 36 49 55a 59 
37 90 96 93 95a 99a 76 
38 89 96 97* 71 
39 83 95 93a 94a 87 
40 82 87 91 87 88 74 93 96a 87 
41 87 92 88 96a 96 a 89 
42 91 95 95a 73 
43 65 79 85a 86 a 65 
44 57 75 74 77 82 Ul
 
0
0
 
0
0
 
0
0
 
90a 57 
45 69 68 71 73 a 76 a 52 
46 78 87 86 a 59 
47 37 4.6 44a 47a 40 
48 82 88 88 100 98 80 102 109a 95 
49 80 77 82 83 a 85a 58 
50 78 84 86 a 54 
51 ' 60 80 83 3 94a 53 
52 79 99 100 111 114 79 121 120a 68 
53 84 88 87 98a 105a 80 
54 81 97 100a 63 
55 70 90 112a 91a 78 
56 13 27 28 48 50 19 31 29a 80 
57 114 122 123 llla 114a 77 
58 105 130 142 a 71 
59 68 93 98a 97a 67 
60 51 79 74 80 87 58 94 96a 81 
61 92 108 91 I07a 109a 62 
62 85 104 107a 55 
aPlots about l/3 Webster soil. 
Table 27. Agronomy Farm 4-year rotation plot corn stands in a hundred stalks per 
acre and average number stalks per hill for indicated plots and years, 
Ames, Iowa, 1933-62 
Av. no. stalks Hundreds of stalks per acre 
Year per hill 00 01 02 03 04 05 06 07 10 
1933 2.2 69 80 73 80 72 51 
34 1.8 53 68 44 51 
35 1.6 32 48 64 76 80 
36 1.6 56 55 59 60 46 56 62 74 81 
37 2.8 79 85 80 82 72 91 
38 2.7 95 95 95 95 
39 2.28 78a 78a 80a 78a 
40 2.2% 77a 78a 78a 79a 78a 77a 76 a 80a 78a 
41 2.2% 76 a 77a 76 a 77a 77a 77a 
42 2. 0a 70a 70a 69a 70a 
43 2 .0a  69a 69a 70a 69a 7.0a 
44 2.0a 69a 70a 70a 70a 70a 68a 70a 70a 64a 
45 2 .0a 69a 65a 64a 6 8a 69a 67a 
46 2. 0a 70a 69a 70a 68a 
47 2.08 68a 69a 69a 68a 68a 
48 2.6a 90a 91a 88a 90a 90a 90a 91a 90a 91a 
49 2.9a 102& lOOa 102a 100a 10ia lOOa 
50 2.0% 70a 63a 63a 708 
51 2.2a 77a 77a 77a 77a 77a 
52 2.2a 67a 72 a 74 a 76 a 76 a 77a 77a 77a 77a 
53 130 126 128 132 129 117 
54 156 157 148 143 
55 146 140 156 153 135 
56 132 120 120 114 133 122 124 121 124 
57 142 142 140 128 134 129 
58 145 148 154 152 
59 138 148 146 151 145 
60 134 144 124 134 130 145 141 142 132 
61 161 186 196 179 . 189 176 
62 142 156 140 153 
aBstimated. 
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Table 28. Number of estimated corn moisture stress days for 
indicated week and year, assuming a 9-inch AFC and 
©TL for Nicollet silt loam, Ames, Iowa 1933-63 
Week from 75 percent silking date 
Year (silk date included as last day in week IB) 
7B 6B 5B 4B 3B 2B IB 1A 2A 3A 4A 5A 6A Total 
6B-3A 
1963a 0 0 5 2 2 3 1 4 4 0 0 0 0 21 
62 0 0 0 1 3 0 1 0 1 2 3 5 2 8 
61 0 0 1 2 1 1 0 0 1 0 0 2 0 6 
60 0 0 0 0 0 5 4 2 3 1 0 0 0 15 
59 0 1 3 0 2 3 5 4 1 3 5 1 0 22 
58 0 0 1 0 0 0 0 0 0 1 0 0 0 2 
57 0 0 0 0 4 4 2 1 4 2 0 1 0 17 
56 0 1 6 7 6 7 7 5 4 5 2 7 0 48 
55 0 0 0 0 1 0 6 7 7 6 5 6 2 27 
54 0 0 0 1 5 7 3 7 4 3 0 0 0 30 
53 0 1 1 0 3 5 6 5 1 4 6 7 5 26 
52 0 0 1 0 0 2 6 7 1 0 1 0 0 17 
51 0 0 0 0 0 1 2 3 1 0 0 0 0 7 
50 0 0 0 1 0 3 4 2 5 5 3 2 0 20 
49 0 2 2 0 1 5 4 6 7 5 4 5 6 32 
48 0 0 0 1 2 1 0 1 0 0 4 2 0 5 
47 0 0 3 2 5 6 7 5 7 4 7 3 3 39 
46 0 0 0 1 2 2 1 0 1 3 0 0 1 10 
45 0 0 0 1 1 1 0 0 1 4 1 0 0 8 
44 0 1 1 2 1 6 0 0 7 3 0 0 0 21 
43 0 0 0 0 4 0 1 0 0 0 0 0 0 5 
42 0 0 0 0 3 3 0 0 1 0 2 0 0 7 
41 0 0 1 0 0 1 5 1 5 7 1 0 2 20 
40 4 1 0 4 5 7 4 1 1 0 0 0 0 23 
39 0 0 0 0 2 7 4 6 7 2 0 0 0 28 
38 0 0 0 1 7 7 4 4 6 4 4 3 3 33 
37 0 0 0 7 4 4 6 6 5 3 2 3 0 35 
36 0 1 3 7 7 7 7 5 7 6 7 6 1 50 
35 0 0 0 3 6 6 3 6 7 4 2 0 0 35 
34 3 2 7 6 4 5 7 7 7 7 6 7 1 52 
33 2 6 1 5 4 7 5 5 3 5 2 0 1 41 
Mean .3 .5 1.0 1.7 2.8 3.8 3.5 3.2 3.5 3.0 2.2 2.0 .9 23 
aNot included in means, year 1963. 
Table 29. Ames Agronomy Farm phenological weekly precipitation in inches 
Week from silk date (silk date included as last day in week IB) 
Year 7B 6B 5 B 4B 3B 2B IB 1A 2A 3A 4A 5A 6A 6B-3A 
1962 2.05 .53 .02 .38 .47 2.08 .95 .04 .24 .08 .00 .78 1.02 4.79 
61 .00 .05 .23 .97 1.29 1.16 3.34 .50 . 06 .33 .03 1.04 2.51 7.93 
60 . 77 1.02 .10 2.60 .07 . 06 .00 1.03 .07 .85 3.61 .00 .47 5.80 
59 .00 .00 1.49 1.91 . 06 .67 .00 1.59 .10 .88 .92 .44 1.58 6.70 
58 1.49 .81 .00 5.83 .93 .18 1.12 . 63 .00 .00 1.64 .05 2.68 9.50 
57 1.59 3.60 .54 1.27 .24 .30 1.42 .25 .48 .23 .71 1.99 1.05 8.33 
56 1.01 .08 .38 . 06 .55 .13 .22 .70 .70 .89 1.22 .22 2.47 3.71 
55 .62 .11 .00 2.11 2.96 .00 .00 .00 .08 .00 .48 .51 .40 5.26 
54 .67 3.27 1.69 .09 .01 .07 .19 .33 .42 .44 8.79 5.02 .01 6.51 
53 1.70 .29 2.52 .07 .09 .00 . 64 1.03 1.78 .27 .00 .00 .42 6.69 
52 .24 .60 1.75 2.89 2.24 .33 .16 .00 1.66 .65 .34 1.19 .72 10.28 
51 .58 .64 2.65 .39 1.45 .00 .78 .00 2.34 1.31 1.13 .00 2.79 9.56 
50 1.21 .00 .97 .16 .34 .45 .37 .43 .00 .68 .03 .00 .57 3.40 
. 49 .00 .43 1.86 1.17 .00 .00 1.24 .22 .00 1.83 1.13 1.00 1.12 5.75 
48 1.15 .56 1.65 .00 .03 1.72 1.88 1.05 .21 .26 .05 2.42 .00 7.36 
47 2.63 .57 .11 .34 .00 .00 .00 .68 .07 .43 .00 2.21 .00 2.20 
46 6 .06 1.21 .30 .37 .21 .73 1.06 .86 .15 .48 .30 .05 1.77 5.37 
45 .71 .52 .03 .89 .20 3.95 .19 1.54 .20 .00 .21 .02 .36 7.52 
44 .29 .01 1.73 .78 .31 .05 2.79 2.47 .15 .18 3.93 .10 .22 8.47 
43 .90 1.27 1.21 .21 2.49 1.87 3.58 2.03 2.22 .00 .37 .95 .35 #.88 
42 1.71 1.67 1.88 .00 3.20 .64 1.53 .36 .08 .05 .00 3.11 .83 9.41 
41 2.13 .04 2.44 1.50 .68 .34 .21 1.58 .18 .23 2.47 .00 2.30 7.20 
40 .00 3.02 .03 .00 .68 .03 5.47 .30 1.50 2.27 2.42 .38 .3713. 30 
39 .70 .96 1.82 1.03 .75 .00 .68 1.30 .18 2.17 . 06 2.06 .00 8.89 
38 .93 .52 2.05 .58 .00 .04 1.97 .88 .10 1.59 .00 .00 1.01 7.73 
37 1.87 .02 .02 .00 .64 .79 .02 1.23 .71 2.86 .20 .00 .28 6.29 
36 .03 .40 .10 .00 .00 .09 .00 .46 .02 .40 .33 .25 4.37 1.47 
35 2.81 2.41 .87 .00 .59 1.25 .48 .00 .00 .18 1.13 2.19 .00 5.78 
34 .25 .26 .19 .79 1.94 .78 .00 .12 .21 .21 .44 .03 2.01 4.50 
33 .00 .00 1.02 .33 .14 . 06 2.16 .32 .72 .00 2.30 . 06 .68 4.75 
Table 30. Weekly totals of ETpc on non-stress days in inches water, Agronomy Farm, 
Ames, Iowa, 1933-62 (Nicollet ©tl and 9-inch AFC assumed in determining 
non-stress days) 
Week from 75 percent silking date (silk date last day in week IB) 
Year 7B 6B 5B 4B 3B 2B IB 1A 2A 3A 4A 5A 6A 6B-3A 
1962 .49 1.05 1.00 .81 .64 .74 .95 .92 .96 .77 .52 .16 .53 7.84 
61 .69 .98 .99 .68 .84 .96 1.08 1.20 .96 .95 .99 .47 .79 8.64 
60 .51 .95 .67 .87 1.17 .29 .53 .75 .62 .80 .84 1.23 .75 6 .66 
59 .86 .78 .63 .80 .84 .54 .38 .46 .72 .43 .29 .89 .89 5.58 
58 .48 .64 .95 .95 .79 .71 1.42 1.15 1.28 1.03 .68 .73 .84- 8.92 
57 .48 1.13 .71 1.27 .48 .45 .75 .94 .53 .67 .93 .56 .77 6.93 
56 1.01 .97 .10 0 .09 0 0 .32 .25 .27 .55 0 .88 2.00 
55 .63 .79 1.03 1.38 1.06 1.42 .16 0 0 .16 .43 .22 .69 6 . 00 
54 .82 .94 1.21 .94 .37 0 .60 0 .35 .41 .72 .87 .98 4.82 
53 .66 .82 .75 1.21 .70 .27 .11 .24 .83 .41 .13 0 .19 5.34 
52 1.01 .96 .60 1.20 1.45 .81 .10 0 .75 .98 .71 .85 .78 6.85 
51 .49 .72 .73 .72 1.20 1.24 .75 .80 1.03 .82 .97 .70 .91 - 8.01 
50 .78 .94 1.02 .88 .93 .74 .49 .49 .29 .02 .38 .57 .65 5.80 
49 .80 .43 .68 1.18 1.09 .29 .46 .12 0 .25 .32 .19 .10 4.50 
48 .63 .51 .73 1.17 .76 .86 1.34 .94 .87 1.14 .47 .68 .81 8.32 
47 .82 .88 .59 .86 .30 .17 0 .25 0 .43 0 .52 .54 3.48 
46 .63 .85 .98 .95 .49 .81 .86 1.13 . 62 .60 .70 .88 .57 7.29 
45 .70 1.08 1.19 .89 .87 1.09 .96 1.30 1.07 .52 .87 .74 .60 8.97 
44 .91 .85 .95 .70 1.00 .19 1.33 1.25 0 .42 .61 .89 .71 6.69 
43 .81 1.13 1.04 .99 .58 1.35 1.14 .89 1.15 1.10 .81 1.03 .82 9.37 
42 .65 .69 .73 1.18 .58 .82 1.04 1.19 1.02 1.06 .82 .99 .44 8.31 
41 .31 1.00 .91 1.16 1.41 1.09 .39 1.10 .36 0 .77 1.06 .65 7.42 
40 .39 .84 1.02 .44 .35 0 .38 .95 .63 .88 .71 .66 .78 5.49 
39 .81 .57 .97 1.01 .99 0 .28 .19 0 .59 .99 .86 .85 4.60 
38 .70 1.16 .98 1.28 0 0 .41 .48 .19 .30 .45 .39 .39 4.80 
37 .72 1.08 1.06 0 .46 .35 .15 .16 .27 .72 .54 .65 .97 4.25 
36 1.04 .86 .76 0 0 0 0 .31 0 .14 0 .05 .76 2.07 
35 .45 .57 .92 .61 .16 .11 .55 .19 0 .39 .50 .60 .94 3.50 
34 .54 .64 0 .14 .52 .30 0 0 0 0 .09 0 .57 1.60 
33 .82 .15 .88 .32 .38 0 .35 .24 .43 .23 .46 .85 .89 2.98 
